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Susanne M. Gollin, Ph.D. 
One of the biggest public health problems worldwide is death from cancer as a result of tumor 
resistance to therapy. Our lab has determined that one form of therapeutic resistance results from 
distal 11q loss, a common chromosomal alteration in carcinomas. We observed loss of distal 11q 
with concomitant loss of critical DNA damage response (DDR) genes, including ATM, MRE11A, 
H2AFX and CHEK1 in head and neck squamous cell carcinoma (HNSCC), non-small cell lung 
carcinoma (NSCLC) and ovarian carcinoma. Further, we showed that carcinoma cell lines with 
distal 11q loss have a diminished DNA damage response, decreased sensitivity to DNA 
damaging agents like ionizing radiation (IR), and decreased expression of genes on distal 11q. 
We hypothesized that the radioresistance observed in cells with distal 11q loss was due to 
upregulation of the compensatory ATR-CHEK1 pathway followed by G2M arrest that halted the 
cells long enough to repair their DNA and progress through mitosis. Analysis of cells with distal 
11q loss revealed an upregulated ATR-CHEK1 pathway and G2M arrest. Knockdown of the 
ATR-CHEK1 pathway by siRNA or a targeted CHEK1 small molecule inhibitor (SMI) 
substantially decreased colony formation in response to IR exclusively in carcinoma cell lines 
with distal 11q loss. We also hypothesized that since gemcitabine-induced DNA damage leads to 
the activation of the ATR/CHEK1 pathway and S-phase arrest, that carcinoma cells with distal 
11q loss would show decreased sensitivity to gemcitabine. We observed that biomarker-positive 
HNSCC and NSCLC cell lines also show ATR-CHEK1 upregulation and decreased sensitivity to 
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gemcitabine. Further, we observed that siRNA knockdown of the ATR-CHEK1 pathway and 
SMI inhibition of CHEK1 signaling in HNSCC and NSCLC cell lines increase their sensitivity to 
gemcitabine treatment. These results provide support for combining targeted therapies to the 
ATR-CHEK1 pathway with standard therapies in conjunction with an appropriate companion 
diagnostic biomarker, like distal 11q loss.  
PUBLIC HEALTH SIGNIFICANCE:  Our findings led to the development of a biomarker for 
loss of sensitivity to IR that may be useful as a prognostic marker that could be added to 
predictive personalized cancer genomic assays and used as a companion diagnostic for CHEK1 
SMIs. 
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PUBLIC HEALTH SIGNIFICANCE 
Cancer remains the second leading cause of death in the United States of America, even 
in the wake of advances in diagnosis and treatment of this disease. Cancer incidence is also on 
the rise due to improvements in health care resulting in increased longevity. Tumor formation 
and progression involve a stepwise accumulation of genetic defects over a period of time, and 
these defects can be used as molecular biomarkers to differentiate tumor cells from normal cells. 
Our studies show that a novel biomarker, the loss of distal chromosome 11q is associated with 
decreased sensitivity to radiation therapy and gemcitabine, a cancer chemotherapeutic drug. This 
new biomarker may be useful in predicting response to conventional cancer therapy. Resistance 
to conventional therapy is a major cause of mortality in cancer patients. Our findings of an 
upregulated ATR-CHEK1 pathway in tumor cells with loss of distal 11q resulting in 
radioresistance and chemoresistance could explain one mechanism behind the failure of 
conventional therapy in some patients. Biomarkers can also be used as companion diagnostics to 
select the right therapy for the right patient. In this case, a patient with distal 11q loss in his or 
her tumor may respond best to a combination of conventional radiation therapy and ATR-
CHEK1 pathway small molecule inhibitor therapy. Supplementing conventional therapy with a 
targeted small molecule inhibitor could improve survival, shorten treatment time, and 
substantially decrease the cost of care in a personalized genomic medicine strategy. 
 
 1 
1.0  INTRODUCTION 
1.1 OVERVIEW 
Cancer is a critical public health problem accounting for one in four deaths in the U.S. and more 
worldwide in spite of advances in diagnosis and treatment (Heron, et al. 2009; Siegel, et al. 
2013). Cancer consists of different conditions, with the predominant characteristic being one of 
uncontrolled and unregulated growth of cells in normal tissues with a tendency to spread to 
distant sites. Carcinomas are the most common form of cancer and arise from the epithelial 
lining of the body. These tissues tend to acquire a number of genetic insults over time helping the 
cancer evolve. Accumulation of genetic and epigenetic changes that range from large scale 
chromosomal rearrangements resulting in loss of tumor suppressor genes and gains or 
amplification of oncogenes, to point mutations that lead to altered gene function and/or 
regulation results in tumor formation and progression (Ha and Califano 2002). A large 
percentage of cancers are characterized by defects in DNA damage sensing and repair that makes 
them dependent on backup DNA repair pathways for survival. In some cases, these backup 
pathways give the cells a growth advantage in the presence of DNA damaging agents used as 
anti-cancer therapies. Conventional radiation and chemotherapeutic strategies prove to be 
ineffective in killing these cancer cells. Hence, novel inhibitors of these backup pathways 
capable of rendering cancer cells vulnerable to a combination of conventional and pathway 
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inhibitor therapy are being developed. Further, biomarkers that can be used to screen for cancers 
with specific characteristics that are indicative of reduced sensitivity to conventional treatment 
also need to be developed. In this study, we have characterized a biomarker, and identified the 
backup pathway helping some cancer cells survive conventional radiation therapy and 
chemotherapy in carcinomas of head and neck, lung, and ovaries.  
1.2 EPIDEMIOLOGY OF HNSCC, NSCLC AND OVARIAN CARCINOMAS 
Head and neck squamous cell carcinoma (HNSCC, including the oral cavity, larynx, and 
pharynx) is the eighth most common cancer in the U.S., accounting for an estimated 53,640 new 
cases (3.2%) in 2013 and 11,520 deaths (2%) (Siegel, et al. 2013). Worldwide, HNSCC 
(worldwide statistics include lip, oral cavity, larynx, and pharynx) was diagnosed in 550,319 new 
patients (4.4%) in 2008 and resulted in 305,096 deaths (4.0%) (Ferlay, et al. 2010; Jemal, et al. 
2011; Bray, et al. 2013).  If identified early, the prognosis of HNSCC is excellent.  Over the past 
four decades, the 5-year relative survival rates have improved substantially for oropharyngeal 
SCC in both Caucasians (from 54 to 67%) and in African-Americans (from 36 to 45%). Of 
concern, these relative survival rates remain 22% lower in African Americans compared to 
Caucasians, possibly as a result of late diagnosis (Siegel, et al. 2012). Lung carcinomas are the 
third most common form of cancer in the U.S. and the most common cancer elsewhere in the 
world. Worldwide, lung carcinomas were diagnosed in 1,608,800 (12.7%) new patients and 
resulted in 1,378,400 (18.2%) deaths (Ferlay, et al. 2010; Jemal, et al. 2011; Bray, et al. 2013). 
The estimated number of new cases of lung carcinomas in the U.S. for 2013 is 228,190 (13.7%) 
and an estimated 159,480 (27.5%) deaths (Siegel, et al. 2013). Non-small cell lung carcinomas 
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(NSCLC) constitute 70-80% of all lung cancer. The relative 5-year survival rate for NSCLCs is 
roughly 15%. Ovarian cancers account for 22,240 (1.3%) new cases and 14,030 (2.4%) deaths in 
the U.S., and 225,000 (1.8%) new cases and 140,200 (1.8%) deaths worldwide (Ferlay, et al. 
2010; Jemal, et al. 2011; Bray, et al. 2013; Siegel, et al. 2013). According to the American 
Society of Cancer, the mortality rate for ovarian cancer has not shown any marked improvement 
in the last forty years. The relative 5-year survival rate is approximately 44%. Even though lung 
and ovarian cancers do not show improvement in the overall 5-year survival rate, early diagnosis 
of these types of cancers markedly improves the survival rate. Therefore, there is a need to 
develop new biomarkers for early diagnosis and selection of the most effective therapeutic 
strategy for treatment. 
1.3 CHARACTERISTICS OF CARCINOMAS 
1.3.1 Chromosomal Instability 
Chromosomal instability can be defined as gain and/or loss of entire or segments of 
chromosomes at a higher rate in a specific population of cells. Carcinomas, the most common 
form of cancer, are frequently characterized by chromosomal instability, resulting in loss of 
tumor suppressor genes and gain or amplification of oncogenes (Ha and Califano 2002). 
Carcinomas tend to have near-triploid or tetraploid chromosomal constitution composed of 
structural and numerical chromosomal abnormalities (Gollin 2001; Jin, et al. 2002). Structural 
abnormalities may result in further alteration of gene expression that can lead to chromosomal 
instability (Gollin 2005). Genetic alterations result in the inhibition of normal cellular function 
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leading to dysregulation of cell cycle, tipping the balance in favor of cell proliferation over cell 
death, and preventing the cells from responding properly to and repairing DNA damage 
(Cavenee and White 1995; Weinberg 1996; Lundberg and Weinberg 1999; Hanahan and 
Weinberg 2000; Gollin 2005; Shiloh 2006). As a result, tumor cells exhibit characteristics known 
as the „hallmarks of cancer,‟ ranging from defects in cell growth and proliferation, evasion of 
apoptosis, genomic instability, sustained angiogenesis, invasion and metastasis (Hanahan and 
Weinberg 2000; Hanahan and Weinberg 2011). These characteristics help drive cancer growth 
and progression. Through its progression, the cancer genotype constantly evolves into one that is 
optimized for proliferation, spread and invasion into surrounding tissues. Thus, over a period of 
time, genetic alterations that confer a growth advantage are selected (Albertson, et al. 2003). 
Common genetic factors including chromosomal breakage and fusion of sister chromatids, gene 
amplifications, presence of fragile sites and DNA repair defects that are manifestations of 
chromosomal instability also help propagate it (Gollin 2001).   
1.3.2 11q13 Amplification 
Gene amplification, the increase in copy number of a localized region on a chromosome arm, is a 
common genetic defect in human tumors (Albertson 2006). Amplification and subsequent 
overexpression of critical genes have been shown to lead to dysregulation of the cell cycle, 
resulting in cellular proliferation and tumor formation and/or progression (Lundberg and 
Weinberg 1999). Chromosomal band 11q13, which harbors the locus for a key cell cycle 
regulatory gene, cyclin D1 (CCND1) and other neighboring genes, is one of the most frequently 
amplified segments in HNSCC, NSCLC and ovarian carcinomas (Akervall, et al. 1997; Shuster, 
et al. 2000; Gollin 2001; Huang, et al. 2002; Jin, et al. 2006; Gautschi, et al. 2007; Brown, et al. 
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2008). 11q13 amplification in the form of a homogenously staining region (hsr) is present in 
~45% of HNSCC (Gollin 2001), ~30% of NSCLC (Gautschi, et al. 2007) and ~20% of other 
carcinomas including, breast, bladder, pancreatic, ovarian and esophageal cancers (Schraml, et 
al. 1999). Approximately 12 genes in the amplicon core are amplified, including CCND1, EMS1 
which encodes human cortactin, an actin binding protein possibly involved in the organization of 
the cytoskeleton and cell adhesion structures, ORAOV1 which regulates cell growth by 
controlling apoptosis and cell cycle, ANO1 which encodes a calcium dependent chloride channel, 
FADD, the FAS-associating protein with death domain gene, and FGF3 and FGF4 (fibroblast 
growth factors 3 and 4, also called INT2 and HSTF1). CCND1 was considered as the „driver‟ (a 
gene whose overexpression due to amplification confers an growth advantage to the cancer cells) 
of the amplicon, but recent studies have shown that amplification of other genes could also 
provide an advantage to cancer cells (Huang, et al. 2002; Hsu, et al. 2006; Wilkerson and Reis-
Filho 2013). The 11q13 amplicon consists of four distinct cores, each with a possible „driver,‟ 
that can independently amplify (Wilkerson and Reis-Filho 2013).  
11q13 amplification is reported to occur early in the pathogenesis of HNSCC and 
NSCLC (Izzo, et al. 1998; Gautschi, et al. 2007). Meta-analysis of molecular genetic studies of 
HNSCC in literature shows the presence of 11q13 amplification in 61% of carcinomas in situ, 
providing further evidence to support the early initiation of 11q13 amplification in HNSCC 
pathogenesis (Gollin 2001). 11q13 amplification is an independent prognostic factor that 
correlates with higher stage disease, lymph node involvement, shorter time to recurrence, and 
reduced overall survival (Akervall, et al. 1997; Fracchiolla, et al. 1997; Michalides, et al. 1997; 
Miyamoto, et al. 2003). Also, cyclin D1 overexpression is thought to alter sensitivity to ionizing 
radiation in breast and larynx cancer (Coco Martin, et al. 1999; Yoo, et al. 2000). 11q13 
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amplification in OSCC occurs by the breakage–fusion–bridge (BFB) mechanism and the first 
step in this process is the loss of a portion of the distal part of chromosome 11q, termed as „distal 
11q loss‟ (Reshmi, et al. 2007).  
	 
Figure 1. BFB cycle mechanism resulting in distal 11q loss and 11q13 amplification 
(adapted from Reshmi et al. 2007) 
1.3.3 Distal 11q Loss 
11q13 amplification results from breakage-fusion-bridge (BFB) cycles (Reshmi, et al. 2007) 
and/or chromosome breakage and rearrangement resulting from palindromic segmental 
duplications flanking 11q13 (Gibcus, et al. 2007). The first step in the BFB cycle is a 
chromosome break distal to the amplified region, possibly at the FRA11F chromosomal fragile 
site or as a result of rearrangement involving segmental duplications, resulting in loss of some or 
all of the distal segment of chromosome 11q (Shuster, et al. 2000; Reshmi, et al. 2007).  Loss of 
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distal 11q and amplification of chromosomal band 11q13 have been suggested to contribute to 
the aggressiveness of HNSCC (Jin, et al. 1998; Jin, et al. 2006). Numerous investigators have 
identified copy number loss of distal 11q, from 11q1411qter, centered primarily on 
11q22q23 (George, et al. 2007; Ambatipudi, et al. 2011; Swarts, et al. 2011; Edelmann, et al. 
2012). The presence of distal 11q loss in primary HNSCC, lung, ovarian, and breast tumors was 
documented in our lab (Parikh, et al. 2007). Distal 11q contains four critical DNA damage 
response (DDR) genes, including ATM (11q22.3), MRE11A (11q21), H2AFX (11q23.3) and 
CHEK1 (11q24.2). The cornerstone of the DDR to ionizing radiation (IR) is the ATM gene. We 
have shown that copy number loss of distal 11q, marked by the ATM gene, is associated with 
reduced sensitivity (resistance) to IR in HNSCC cell lines (Parikh, et al. 2007). 
 
Figure 2. Ideogram of chromosome 11 with the locations of four DDR genes in relation to 
FRA11F site 
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In silico copy number analysis of the ATM gene on 11q shows that distal 11q loss is 
present in 21-25% of tumors. According to the Broad Institute Tumorscape website, “ATM is 
significantly focally deleted across the entire dataset of 3131 tumors and is located within a focal 
peak region of deletion containing 60 additional genes. ATM is significantly focally deleted in 
four of 14 independent subtypes analyzed in our dataset,” including 20% of all cancers, ~ 45% of 
melanomas, breast cancers, and esophageal squamous carcinomas, 35-36% of head and neck, 
and prostate tumors, 28-29% of lung and ovarian tumors, and ~24% of medulloblastomas 
(Beroukhim, et al. 2010). Significant focal ATM loss at slightly different frequencies is also 
reported on the Broad Institute TCGA website (Mermel, et al. 2011) which indicates that “ATM 
is significantly focally deleted across the entire dataset of 6327 tumors and is located within a 
focal peak region of deletion containing 84 additional genes. ATM is significantly focally 
deleted in 10 of 20 independent cancer types analyzed in our dataset” including 25% of all 
cancers, ~55% of cervical squamous cell carcinomas and cutaneous melanomas, ~48% of 
invasive breast adenocarcinomas and HNSCC, 36% of bladder urothelial carcinomas, 32% of 
lung squamous cell carcinomas, 30% of ovarian serous cystadenocarcinomas, and between 18 
and 28% of lung, stomach and rectal adenocarcinomas, colorectal cancers (Beroukhim, et al. 
2010), and hepatocellular carcinomas. Thus, based on the American Cancer Society statistics 
(Siegel, et al. 2013) and the Tumorscape frequencies, at least 330,000 of the 1,660,290 new 
cancer cases expected in the U.S. in 2013 may have distal 11q loss. 
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1.4 DNA DAMAGE RESPONSE (DDR) PATHWAYS 
1.4.1 DDR Pathway Overview 
DNA damage caused either by exogenous or endogenous stress poses a serious risk for the 
maintenance of genomic integrity within cells (Shiloh 2006). DNA lesions that form as a result 
of such stress, if not effectively repaired, are either extremely cytotoxic or could lead to 
malignant transformation of the cells (Lord and Ashworth 2012). Hence, irregularities in the 
DDR pathway are directly responsible for and contribute to many of the classic characteristics 
observed in cancers (Hanahan and Weinberg 2011). DDR pathway functions are not limited to 
DNA repair, but also include cell cycle checkpoint regulation, transcriptional program activation 
and regulation of cell death mechanisms (Hoeijmakers 2009; Warmerdam and Kanaar 2010). 
These cellular functions are initiated by sensing the DNA damage and subsequent transduction 
of the damage signal to a cascade of downstream effector proteins that help in the initiation and 
regulation of the different pathways involved. The effective signaling of this pathway helps 
maintain a stable genome and maintain cellular homeostasis. 
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Figure 3. Schematic representation of the DNA damage and response pathway 
The first step in the DDR pathway is the sensing of the DNA damage and/or chromatin 
alterations that occur after induction of damage by „sensor‟ proteins. These are primary response 
proteins and are rapidly recruited to sites of DNA damage. These sensor molecules then signal to 
and recruit „transducer‟ proteins to the sites of damage. The transducers in turn activate multiple 
„effector‟ proteins that initiate and regulate the various cellular functions described earlier.  
One family of transducers that play a critical role in DDR pathway is the 
phosphatidylinositol (PI) 3-kinase related kinases (PIKK). PIKK members are recognized as 
proximal response elements in stress induced signaling pathways (Abraham 2004; Lovejoy and 
Cortez 2009). They are a family of lipid/protein kinases that translate the stress induced damage 
into biochemical modifications that signal downstream targets to the presence of DNA damage 
resulting in DNA repair, cell cycle control and DNA recombinations (Keith and Schreiber 1995; 
Savitsky, et al. 1995; Abraham 2004; Lovejoy and Cortez 2009). Thus, they help maintain 
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genomic integrity and prevent the cycling of cells with DNA damage (Abraham 2004). The 
PIKK family consists of six members: ATM (ataxia telangiectasia mutated), ATR (ATM and 
Rad3 related), PRKDC (protein kinase, DNA-activated, catalytic polypeptide or DNA-PKc), 
MTOR (mammalian target of rapamycin), SMG1 (suppressor of morphogenesis in genitalia-1) 
and TRRAP (transformation/transcription domain-associated protein).  
 
Figure 4. Schematic representation of DDR signal transduction pathway  
Five of these six mammalian PIKKs are active protein kinases that take part in the 
stress induced signaling. ATM, ATR and PRKDC are primarily responsible for signaling DNA 
damage induced by exogenous and endogenous stress. SMG1 is involved in nonsense-mediated 
mRNA decay (NMD) and MTOR coordinates nutrient mediated signaling. TRRAP is the only 
member of the family with no known kinase activity (Abraham 2004; Lovejoy and Cortez 2009). 
Inhibition of these proteins using pharmacological drugs is being developed as potential anti-
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cancer therapy. This is especially important, since cancer cells exhibit an altered DDR that might 
give them a growth advantage, and inhibition of these pathways involved in maintenance of 
integrity could increase efficiency of cancer therapies. 
1.4.2 Double Strand Break (DSB) Response and Repair (ATM pathway) 
A DNA lesion that is constantly generated throughout the lifespan of cells is the DSB. 
Unrepaired DSBs tend to leave the cell vulnerable to mutations and irreversible damage, and are 
extremely cytotoxic (Shiloh and Lehmann 2004; Lukas and Lukas 2013). DSBs are usually 
induced by ionizing radiation (IR), radiomimetic drugs, and oxygen radicals formed as a 
byproduct of normal metabolism, but can also be created as a consequence of stalled replication 
forks (Shiloh and Lehmann 2004). In our study, the main area of focus is on DSBs induced by IR 
and the DDR pathways involved in response and repair.  
 The nuclear protein, ATM, is primarily responsible for the IR-induced DDR. ATM is the 
gene mutated in the rare pleiotropic autosomal recessive disorder Ataxia telangiectasia (AT). The 
clinical manifestations of the disease include progressive cerebral ataxia, neuronal degeneration, 
hypersensitivity to ionizing radiation, premature aging, hypogonadism, growth retardation, 
immune deficiency, genomic instability, defective telomere metabolism and increased risk for 
cancer (Harnden 1994; Shiloh 1995; Lavin and Shiloh 1997; Morgan and Kastan 1997; Pandita, 
et al. 1999). Cell lines derived from AT patients tend to show defects in cell cycle regulation 
post-radiation, and this results in hypersensitivity to IR (Kastan, et al. 1992; Morgan and Kastan 
1997). These same cell lines tend not to be affected by other genomic insults like UV damage 
(Rotman and Shiloh 1998). Since the repair of DNA damage induced by other agents such as UV 
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remains intact in AT cells, the ATM pathway is the primary response to DNA damage induced 
by IR (Shiloh 2003).  
In response to IR-induced DSB, ATM undergoes rapid autophosphorylation of ser1981 
resulting in the dissociation of the dimer and the subsequent phosphorylation of various other 
proteins involved in the regulation and repair of damage (Bakkenist and Kastan 2003; Kitagawa 
and Kastan 2005). Phospho-ser1981 ATM foci are visible within 10 minutes and 
phosphorylation of all cellular ATM is observed less than five minutes after irradiation 
(Kitagawa and Kastan 2005; Adams, et al. 2006). This rapid phosphorylation of ATM is 
facilitated by higher order chromatin structural changes that occur after formation of DSBs and 
does not require direct DNA binding (Bakkenist and Kastan 2003). Following IR, phospho-ATM 
is detected with a diffuse nuclear distribution within a few minutes and subsequently 
accumulates in foci, presumably at DSBs (Kitagawa and Kastan 2005). The MRE11A-RAD50-
NBS1 (MRN) complex plays the role of a „sensor‟ and is recruited rapidly to the site of damage 
in an ATM-dependent manner (Mirzoeva and Petrini 2003; Stracker, et al. 2004). It is also 
involved in the primary resection of the broken ends through its nuclease activity, resulting in 
secondary structures that are more amenable to repair and recruitment of other signaling 
molecules (D'Amours and Jackson 2002). The MRN complex is also necessary for maintenance 
of activation, proper phosphorylation of downstream targets, and also in the nuclear retention of 
the downstream targets after damage (Uziel, et al. 2003). Two critical downstream substrates of 
ATM are CHEK2 and p53. ATM phosphorylates CHEK2 and p53 at thr68 and ser15, 
respectively, after DSB formation (Canman, et al. 1998; Ward, et al. 2001). CHEK2 
phosphorylation results in its immediate accumulation at sites of damage. Both of these proteins 
play significant roles in cell cycle control, DNA repair and apoptosis (Hirao, et al. 2002; Li, et al. 
 14 
2010). Other downstream targets of ATM also play important roles in regulation of cell cycle 
checkpoints and DNA repair. Phosphorylation of CHEK2, p53 and MDM2 regulates the G1 
checkpoint. AT cells have a defective S phase checkpoint, and this has been attributed to the 
requirement of ATM for the phosphorylation of NBS1, FANCD2 and BRCA1 resulting in an 
effective S phase checkpoint. ATM signaling facilitates G2M checkpoint activation through 
phosphorylation of CHEK2, RAD17 and BRCA1 (Kitagawa and Kastan 2005; Derheimer and 
Kastan 2010). ATM is known to accumulate and have enhanced kinase activity after IR in all 
phases of the cell cycle. This confirms its role as the protein required for a rapid response to 
DSBs independent of the cell cycle phase (Pandita, et al. 2000).  
Another important substrate of ATM is the histone H2AX, a member of the histone H2A 
subfamily (Fernandez-Capetillo, et al. 2004). ATM activates H2AX at the DSB site, converting 
it into the phosphorylated form, γH2AX, which then anchors DNA damage response proteins to 
the sites of damage and initiates DNA repair (Stucki, et al. 2005; Kinner, et al. 2008). γH2AX 
foci are also seen in response to other forms of DNA damage suggesting that H2AX activation is 
regulated by other proteins like ATR (Gagou, et al. 2010). Cells lacking ATM show a persistence 
of γH2AX foci following IR, suggesting a direct role for ATM in DNA repair (Riballo, et al. 
2004). The adapter protein, MDC1 is then recruited to the DSB site and phosphorylated by 
ATM. MDC1 binds to γH2AX, regulates retention of ATM at the site of DSB and also provides 
a target for DNA damage repair and signaling proteins to bind (Lukas, et al. 2004a; Stucki and 
Jackson 2004; Derheimer and Kastan 2010). ATM kinase activity has also been shown to be 
necessary for suppressing chromosomal instability (White, et al. 2008). Hence, ATM-mediated 
signaling is critical for the response to DNA damage in cells treated with IR. 
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Figure 5. Schematic representation of the DSB response by the ATM-CHEK2 pathway 
1.4.3 ATR-CHEK1 Pathway 
ATR is another PI3K family protein involved primarily in signaling the presence of stalled 
replication forks and maintenance of genomic integrity during S phase, along with its partners, 
ATR interacting protein (ATRIP) and replication protein A (RPA) (Cortez, et al. 2001; Zou and 
Elledge 2003; Byun, et al. 2005). Unlike ATM and PRKDC, ATR signaling is critical in 
replicating cells (de Klein, et al. 2000; Cortez, et al. 2001; Brown and Baltimore 2003). 
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Homozygous deletion of ATR leads to early embryonic lethality in mammalian cells (Brown and 
Baltimore 2000; de Klein, et al. 2000). Partial loss of ATR activity causes the recessive disorder, 
Seckel syndrome in humans (O'Driscoll, et al. 2003).  
The ATR gene maps to 3q23 and encodes a 302 kDa transducer protein. The canonical 
ATR signaling of stalled replication forks or other replication stress-induced lesions results in the 
generation of ssDNA. Even DNA DSBs are resected by nucleases to form ssDNA (Huertas 
2010). This ssDNA is bound by the ssDNA binding protein RPA. RPA-bound ssDNA is then 
capable of independently recruiting ATR via ATRIP, and the checkpoint clamp, consisting of the 
RAD9-HUS1-RAD1 (9-1-1) complex and topoisomerase-binding protein 1 (TOPB1). Next, 
TOPB1 activates ATR and the signaling cascade is initiated (Nam and Cortez 2011). ATR 
phosphorylates its downstream effectors, CHEK1, BRCA1 and the Fanconi anemia (FANC) 
proteins. These effectors coordinate cell cycle progression and DNA repair (Parrilla-Castellar, et 
al. 2004). ATR also induces phosphorylation of H2AX, resulting in focus formation in response 
to replication stress (Ward and Chen 2001; Gagou, et al. 2010). In response to DNA damage, 
ATR phosphorylates CHEK1 at ser317 and ser345. Ser317 phosphorylation is required for 
subsequent ser345 phosphorylation in response to DNA damage (Wang, et al. 2012). Ser345 
phosphorylation is necessary for activation of CHEK1, for a proper checkpoint response after 
DNA damage, and for nuclear retention of CHEK1 (Jiang, et al. 2003; Niida, et al. 2007). Early 
phosphorylation of ser345 in response to DNA damage is thought to occur in an ATR-dependent 
manner, whereas phosphorylation of ser317 in response to IR is reported to be dependent on 
ATM, NBS1 and ATR (Gatei, et al. 2003; Wang, et al. 2012). Targeted mutation of ser317 
inhibits effective regulation of all cellular functions of CHEK1, but does not affect cell viability, 
whereas mutation of ser345 inhibits control of cellular functions of CHEK1 and also affects cell 
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viability (Wilsker, et al. 2008). Phosphorylated CHEK1 acts mainly during the S and G2 phases 
of the cell cycle to activate cell cycle checkpoints (Liu, et al. 2000). CHEK1-induced S and 
G2/M arrest is mediated through phosphorylation of the CDC25 phosphatases (Sanchez, et al. 
1997; Uto, et al. 2004).  
Although ATR plays a primary role in responding to ultraviolet light (UV) and 
chemotherapy-induced genomic insults and collapsed replication forks, it also appears to play a 
role in responding to IR-induced DNA damage (Adams, et al. 2006; Myers and Cortez 2006). 
The presence of ATR at nuclear foci after IR treatment is indicative of the recruitment of this 
kinase to sites of DNA damage; ATM is known to regulate the loading of ATR to sites of DNA 
DSB (Zou and Elledge 2003; Cuadrado, et al. 2006). Unlike the rapid phosphorylation of ATM 
post-IR treatment, ATR recruitment and activation is comparatively delayed, but also requires a 
functional MRN complex (Adams, et al. 2006). Further, the ATR-CHEK1 pathway is 
upregulated in IR-treated AT cells (Wang, et al. 2003). ATR kinase activity is also essential for 
the ser15 phosphorylation of p53 after IR or UV-induced damage (Tibbetts, et al. 1999). 
Although ATR signaling of stalled replication forks and maintenance of genomic integrity occurs 
during S phase, the role it plays in signaling IR-induced damage is not restricted to the S phase 
(Adams, et al. 2006). DSBs induced by radiation are processed into ssDNA, and the formation of 
ssDNA is responsible for the recruitment of ATR (Huertas 2010). Even though the ATM and 
ATR pathways are thought to respond primarily to different types of DNA damage, the two 
pathways appear to be intimately intertwined, especially since ATR signaling compensates for 
ATM when ATM is absent or if normal cells accumulate high levels of IR-induced damage 
(Abraham 2001; Golding, et al. 2009).  
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1.4.4 Cell Cycle Checkpoints in Cancer 
The cell cycle is organized into a series of dependent events every cell traverses through prior to 
division into daughter cells. It is divided into four phases: G1, S, G2 and M. The purpose of the 
cell cycle is to maintain high fidelity during the replication of DNA and to assure the equal 
distribution of the genetic material between the two daughter cells.  Therefore, the cell cycle is 
guarded by checkpoints that can delay the progression of cells in response to endogenous or 
exogenous stress. These checkpoints are at the G1-S transition, within the S phase, and at the G2-
M transition. CDC25 phosphatase-mediated activation of cyclin-dependent kinase (CDK) 
complexes regulates progression of cells through the different checkpoints (Sorensen, et al. 2003; 
Kastan and Bartek 2004). Phosphorylation of CDC25 phosphatases creates a binding site for the 
14-3-3 proteins. This binding sequesters the CDC25 phosphatases away from their substrates, 
thereby inhibiting their function (Boutros, et al. 2006). Defects in cell cycle checkpoints have 
been reported to contribute to genomic instability seen in various cancers (Kastan and Bartek 
2004).  
The G1 checkpoint, the primary checkpoint that protects against genomic stress, is a p53-
dependent pathway, which is initiated by ATM in response to DNA damage (Levine 1997; 
Lukas, et al. 2004b; Massague 2004). CHEK2, activated by ATM, in turn phosphorylates 
CDC25A and prevents activation of cyclin E/CDK2 (Mailand, et al. 2000). CHEK1 is also 
capable of phosphorylating CDC25A, and this CHEK1/CHEK2-CDC25A checkpoint is 
activated rapidly, independent of p53. A sustained G1 arrest requires p53 mediation (Kastan and 
Bartek 2004). The G1 checkpoint is frequently dysregulated in HNSCC (Michalides, et al. 2002). 
The S phase checkpoint is activated in response to DNA replication errors and DNA damage 
occurring during the S phase. CDC25A, phosphorylated by either of the two pathways, regulates 
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CDK2 activation, which controls S phase progression (Sorensen, et al. 2003). This checkpoint is 
independent of p53, but is under the control of the ATR/CHEK1 and ATM/CHEK2 kinases 
(Bartek, et al. 2004; Kastan and Bartek 2004). Abrogation of the S phase checkpoint in response 
to IR leads to premature mitosis, premature chromatin condensation (PCC), and mitotic 
apoptosis (Nghiem, et al. 2001). The aim of the G2M checkpoint is to prevent cells, which have 
escaped the G1 or S checkpoints with DNA damage or those with replication errors from entering 
mitosis. The Cyclin B/CDK1 complex that is regulated by the CDC25 phosphatases controls this 
checkpoint. Activation of CHEK1 by ATR results in the phosphorylation of the CDC25 (A, B, 
C) phosphatases, preventing the activation of the Cyclin B/CDK1 complex and G2M arrest 
(Boutros, et al. 2006). Abrogation of the G2M checkpoint is known to result in mitotic 
catastrophe (Hekmat-Nejad, et al. 2000). Since defects in the G1 checkpoint are a common 
feature in most tumors, abrogation of the G2M checkpoint by inhibition of ATM/ATR, CHEK1 
or CDC25 resulting in cell death by mitotic catastrophe are being developed as potential anti-
cancer therapies (Bucher and Britten 2008). 
1.4.5 Gemcitabine-induced DNA Damage and Response 
Gemcitabine or difluorodeoxycytidine (dFD-C) is a chemotherapeutic drug commonly used in 
the treatment of solid tumors (Carmichael 1998; Nabhan, et al. 2001). It is a deoxycytidine 
analog with two fluorine substitutions. Gemcitabine enters the cell through the nucleoside 
transporter pathway. Within the cell, it is phosphorylated into its mono-phosphorylated form, 
dFD-CMP by deoxycytidine kinase (dCK). The monophosphate form undergoes two further 
phosphorylations to form dFD-CDP and dFD-CTP by the action of monophosphate-pyrimidine 
kinase and diphospho-pyrimidine kinase, respectively. The activity of gemcitabine is dependent 
 20 
on the formation of this triphosphate metabolite that can be incorporated into DNA. Gemcitabine 
is inactivated by either deamination into dFD-U (inactive metabolite) by cytidine deaminase 
(CDD) or dephosphorylation of dFD-CMP, thereby preventing the formation of the active form 
(Plunkett, et al. 1996; Galmarini, et al. 2002).  
The active form of gemcitabine, dFD-CTP, is incorporated into the DNA during 
replication in the C sites of the growing strand. This dFD-CTP incorporated site is subsequently 
masked by the addition of a natural nucleoside, thereby preventing DNA repair by 3‟-5‟ 
endonuclease activity. This masking stops the progress of the DNA polymerase by a process 
called masked DNA chain termination. The diphosphate metabolite, also an active form, has an 
indirect effect. This form inhibits ribonucleotide reductase (RNR), resulting in blocked de novo 
DNA synthesis. It also increases gemcitabine activity as a result of decreased intracellular levels 
of deoxynucleotide triphosphates. Gemcitabine is also capable of being incorporated into RNA, 
thereby inhibiting RNA synthesis (Galmarini, et al. 2002).  
Resistance to treatment with gemcitabine has been observed in various tumor types, 
especially pancreatic cancers. There are many possible explanations for this lack of sensitivity. A 
low level of the active metabolite form of gemcitabine within the cells is one major reason. This 
can be as a result of breakdown of the pathway at various levels. The cell could have reduced 
expression of nucleoside transporter on the membrane resulting in inefficient uptake. Reduced 
levels of the activating enzyme, dCK and increased gemcitabine degradation could possibly 
lower the level of the active triphosphate metabolite (Galmarini, et al. 2002). Second, 
gemcitabine might have an altered interaction with intracellular targets. Thirdly, gemcitabine 
resistance could also result because of alteration of cell cycle and apoptosis-regulating genes like 
p53 (Chen, et al. 2000; Galmarini, et al. 2002). There are conflicting reports about the role of p53 
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signaling status in decreased sensitivity to gemcitabine. Some reports suggest that the lack of a 
functional p53 resulted in cell lines being considerably more resistant to DNA damaging agents 
like gemcitabine, mitomycin-C and doxorubicin. Although some reports also suggest that there is 
no difference in cytotoxicity of gemcitabine within cell lines of different tumor types based on 
p53 status (Merlin, et al. 1998; Rieger, et al. 1999; Chen, et al. 2000; Galmarini, et al. 2002). 
Sensitivity to gemcitabine can also be modified by alteration of the DDR and repair 
pathways in tumor cells. The DDR to gemcitabine-induced stalled replication forks activates the 
ATR-CHEK1 pathway and results in S-phase arrest in leukemia cell lines (Shi, et al. 2001). Cells 
lacking RAD9, ATR and/or CHEK1 have been observed to be more sensitive to gemcitabine 
(Karnitz, et al. 2005). Inhibition of the ATR-CHEK1 pathway in pancreatic cancer cells resulting 
in gemcitabine sensitization was shown not to be due to abrogation of the S or G2M phase 
checkpoints. CHEK1 inhibition resulted in inhibition of RAD51-mediated DDR and this 
signaling from CHEK1 to RAD51 was important for the DDR to gemcitabine-induced 
replication stress (Parsels, et al. 2009). DDR to gemcitabine-induced damage also requires 
functional ATM and the MRN complex, and deficiency of these proteins increased the sensitivity 
of cells to gemcitabine (Ewald, et al. 2008). H2AX phosphorylation and focus formation marked 
stalled replication forks after treatment with gemcitabine. The role of ATM in this 
phosphorylation was proven when chemical inhibition of ATM blocked H2AX phosphorylation 
(Ewald, et al. 2007). Previous studies have also shown a lack of effect of gemcitabine in cells 
deficient in homologous recombination repair (HRR) (Crul, et al. 2003). 
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1.5 CHEK1 INHIBITION AS A TARGETED CANCER THERAPY 
1.5.1 Targeted Cancer Therapy 
Cancer drug development in the current research setting is focused on the identification of 
therapeutic targets. The emergence of molecular cancer therapeutics has put further focus on 
target identification as an initial step in the development of novel anti-cancer drugs. Most tumors 
during their development accumulate mutations or genetic/epigenetic lesions that help with the 
progression of carcinogenesis (Hanahan and Weinberg 2011). These mutations are classified into 
two categories - driver mutations and passenger mutations. Target identification has been 
focused on driver mutations, as they are essential for malignant growth (Greenman, et al. 2006). 
These targets of molecular cancer therapeutics can be classified into three types based on the 
different approaches used. The first class was focused on critical signaling proteins that acquired 
driver mutations. Inhibition of the BCR-ABL1 fusion protein by Imatinib, the mutant or 
amplified EGF receptor by Gefitinib or Erlotinib, the mutated BRAF gene by PLX-4032 or the 
EML4-ALK fusion oncogenes by ALK inhibitor (Druker, et al. 1996; Sharma, et al. 2007; Janku, 
et al. 2010; Maemondo, et al. 2010; Smalley 2010). Most mutated genes are not amenable to 
easy inhibition by pharmacologic drugs. So even though targeting these mutations is an obvious 
approach, it is not feasible in all cases. The second approach under development focused on 
complete pathways. KRAS is a commonly mutated gene and is not easily targeted by small 
molecular inhibitors (Saxena, et al. 2008). MEK and BRAF, two downstream effectors of KRAS, 
that are themselves not mutated, but are targeted in a pathway-focused approach and this 
inhibition has shown considerable anti-tumor effect in preclinical studies (Solit, et al. 2006; 
Garon, et al. 2010). The third approach focuses on screening for synthetic lethal genes. Synthetic 
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lethality refers to the interaction of two genes, when the singular mutation of the genes is 
compatible with viability, but the combined mutation is lethal. Therefore, synthetic lethal 
interactions can be targeted by a wider array of molecular therapeutics.  
1.5.2 Synthetic Lethality 
The concept of synthetic lethality is based on the original use of the term in yeast mutation 
screens, wherein mutations in two or more genes results in cell death, although one or the other 
does not kill the cells. Cell viability is compromised by the additive negative effect of the two 
synthetic lethal mutations on a critical cellular function. A specific gene mutation in cancer can 
sensitize it to drug-based inhibition of its synthetic lethal partner. This therapeutic strategy has 
the added advantage that it would not affect normal cells and therefore, is selective for tumor 
cells. Also, this treatment strategy could be used to target both loss-of-function and gain-of-
function mutations (Ferrari, et al. 2010). In the context of cancer, synthetic lethality takes 
advantage of the necessity for cancer cells to repair their DNA due to the inherent genomic and 
chromosomal instability and frequent DNA damage in these cells (Shaheen, et al. 2011a).  
Relating this concept to the cell cycle checkpoints defined above, cancer cells with DNA damage 
must stop at a major cell cycle checkpoint to repair their DNA lest they replicate or distribute to 
their daughter cells increasingly damaged genomes. As discussed above, most cancer cells lack 
an effective G1 checkpoint. Thus, after DNA damage caused by IR or chemotherapy, cancer cells 
must arrest at the G2M checkpoint to repair their genomes prior to cell division. Knocking out 
the G2M checkpoint using targeted CHEK1 inhibition would be „synthetic lethal‟ because these 
cells would enter mitosis with damaged genomes and undergo mitotic catastrophe (MC) 
(Origanti, et al. 2013). Knocking out the G2M checkpoint would not be expected to damage 
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normal cells, as they would have a normal G1 checkpoint, which protects them against DNA 
damage-induced cell death. 
1.5.3 CHEK1 Inhibition 
CHEK1 inhibition resulting in synthetic lethality appears to be a very promising targeted therapy 
for several reasons.  Many tumor cells lack a G1 checkpoint as a result of defective p53, p16, or 
pRB1 signaling; cells lacking a G1 checkpoint are selectively affected by CHEK1 inhibition, 
which abrogates the G2M cell cycle checkpoint, sending cells with DNA damage into mitotic 
catastrophe/apoptosis (Merry, et al. 2010; Morgan, et al. 2010; Furgason and Bahassi el 2013; 
Origanti, et al. 2013). Studies have shown that the p53 mutant HCT116 (human colon cancer cell 
line) is more sensitive to CHEK1 knockdown than p53 wild-type cells (Pan, et al. 2009). The 
advantage of this strategy is that somatic cells with normal checkpoint signaling are not thought 
to be affected deleteriously by CHEK1 inhibitors, since they are protected by functioning cell 
cycle checkpoints that enable them to repair DNA damage or undergo apoptosis in response to 
irreparable damage (Furgason and Bahassi el 2013). ATR inhibition is also reported to 
selectively sensitize cells deficient in the G1 checkpoint to premature chromatin condensation 
(Nghiem, et al. 2001; Reaper, et al. 2011). NU6027, an ATR inhibitor, sensitized MCF7 (a 
human breast cancer cell line) cells to IR, temozolomide, cisplatin, camptothecin, doxorubicin 
and hydroxyurea (Peasland, et al. 2011). CHEK1 inhibitors have been combined with DNA 
damaging agents in both in vitro and in vivo studies. This combination increased the efficacy of 
agents such as ionizing radiation in a variety of carcinomas (Riesterer, et al. 2011; Borst, et al. 
2012a; Ma, et al. 2012), cisplatin in colon cancer, gemcitabine in pancreatic cancer (Venkatesha, 
et al. 2012), and cytarabine in acute myelogenous leukemia (Karp, et al. 2012a; Schenk, et al. 
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2012a), among others. Increased efficacy enables decreased dosages of IR or these relatively 
toxic chemotherapies (Bennett, et al. 2012). UCN-01 is one of the earliest CHEK1 inhibitors 
used in preclinical studies that caused a complete disruption of the G2 checkpoint in response to 
ionizing radiation (Busby, et al. 2000). AZD7762, a CHEK1 inhibitor from AstraZeneca, when 
combined with gemcitabine was shown to target pancreatic cancer stem-like cells that are 
otherwise resistant to standard therapy (Venkatesha, et al. 2012). This inhibitor also potentiated 
the effect of other DNA damaging agents like camptothecin and irinotecan (Zabludoff, et al. 
2008). PF00477736, a Pfizer CHEK1 inhibitor, potentiated the effect of gemcitabine and 
camptothecin in CA46 (a p53-mutated lymphoma) and HeLa (HPV18-positive human cervical 
cancer) cells by abrogating DNA damage-induced S-phase and G2M-phase arrest (Blasina, et al. 
2008). CHEK1 inhibition combined with inhibition of the DNA repair enzyme poly(ADP-ribose) 
polymerase (PARP) resulted in synthetic lethality in a panel of human breast and pancreatic cell 
lines (Mitchell, et al. 2010).  
The present study is expected to show that cells with distal 11q loss tend to be resistant to 
doses of IR and gemcitabine that are considered lethal in cancer cells without this loss. It will 
also provide evidence that the ATR-CHEK1 pathway is responsible for the radioresistance and 
also gemcitabine resistance in cancer cells with distal 11q loss. Our study is significant in 
providing a possible explanation for the unresponsiveness of tumor cells impaired by distal 11q 
loss to treatment with either radiation or gemcitabine therapy and the reason that these tumors 
tend to relapse and lead to a poor prognosis for patients, although this will not be examined in 
the study. The study also has translational value since the genetic basis for loss of sensitivity to 
IR and gemcitabine could be used as a biomarker for predicting response to therapy. The ability 
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to sensitize cells to IR and gemcitabine by the inhibition of ATR-CHEK1 pathway can be used to 
increase the success of radiation therapy and gemcitabine-based chemotherapy.  
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2.0  MATERIAL AND METHODS 
2.1 CELL CULTURE 
2.1.1 HNSCC and Control Cell Lines 
The UPCI:SCC HNSCC cell lines developed in the Gollin laboratory (White, et al. 2007) were 
cultured in M10 medium comprised of Minimal Essential Medium (MEM) supplemented with 
1% non-essential amino acids (NEAA), 1% L-glutamine, 0.05 mg/ml gentamicin and 10% fetal 
bovine serum (FBS) (all from GIBCO Invitrogen, Grand Island, NY). TERT-transfected human 
keratinocytes (OKF6/TERT-1 cells, a gift of James Rheinwald, Brigham and Women's Hospital, 
Harvard Institutes of Medicine (Dickson, et al. 2000)) were cultured in Keratinocyte-SFM 
supplemented with 25 μg/ml bovine pituitary extract, 0.2 ng/ml EGF, 0.3 mM CaCl2, and 
penicillin-streptomycin (GIBCO Invitrogen). 
2.1.2 NSCLC Cell Lines 
Most NSCLC cell lines were cultured in Basal Medium Eagle (BME) (Gibco Invitrogen) 
supplemented with 0.05 mg/ml penicillin-streptomycin with 1% L-glutamine (PSG) (Gibco 
Invitrogen) and 10% fetal bovine serum (FBS). A549 cells were cultured in Dulbecco‟s Modified 
Eagles Medium (DMEM) (Gibco Invitrogen), supplemented with 1% NEAA, PSG and 10% 
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FBS. H1299 cells were cultured in RPMI-1640 medium (Gibco Invitrogen) supplemented with 
1% NEAA, 0.05mg/ml gentamicin and 10% FBS. Examination of lung cancer cell lines was a 
collaboration with Dr. Jill Siegfried. 
2.1.3 Ovarian Carcinoma (OvC) Cell Lines 
OvC cancer cell lines were cultured in either DMEM supplemented with 1% NEAA, PSG and 
10% FBS or RPMI-1640 medium supplemented with 1% NEAA, 0.05mg/ml gentamicin and 
10% FBS. Examination of ovarian cancer was a collaboration with Drs. Anda Vlad and Robert 
Edwards. 
2.2 FLUORESCENCE IN SITU HYBRIDIZATION (FISH) 
Molecular cytogenetic analysis was carried out to determine the relative copy numbers of ATM, 
MRE11A, H2AFX and CHEK1 in HNSCC cell lines compared to the chromosome 11 centromere 
(CEP11/D11Z1, Abbott Molecular Inc., Des Plaines, IL). Cytogenetic analyses were carried out 
in the University of Pittsburgh Cell Culture and Cytogenetics Facility. Metaphase and interphase 
cells were prepared from the cell lines using standard cytogenetic techniques. Briefly, cells were 
harvested following 2-5 h treatment with 0.01μg/ml ColcemidTM (Irvine Scientific, Santa Ana, 
CA), hypotonic KCl (0.075 M) treatment for 30 min at 37°C, followed by fixation and washes in 
3:1 acetone-free methanol:glacial acetic acid. 
Slides for FISH analysis were prepared from the harvested cell lines by dropping the cell 
suspension onto microscope slides and air dried. Following pretreatment with 2xSSC (saline-
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sodium citrate), the slides were dehydrated using a graded series of ethanol (70%, 80%, and 
100%). Chromatin was denatured with 70% formamide at 75ºC, and the slides were dehydrated 
in a cold (-20C) graded series of ethanol. The FISH probes were prepared from DNA isolated 
from BAC clones purchased from Children‟s Hospital of Oakland Research Institute (CHORI, 
Oakland, CA; http://www.chori.org/bacpac). The BAC clones used were: RP11-241D13 (ATM 
gene), RP11-685N10 (MRE11A gene), RP11-892K21 (H2AFX gene) and RP11-712D22 
(CHEK1 gene).  BAC DNA was labeled with Spectrum Orange
TM
 using a nick translation kit 
(Abbott Molecular Inc.). For each BAC probe, the labeled DNA was precipitated with ethanol, 
resuspended in hybridization buffer, combined with a Spectrum Green
TM
-labeled CEP11 probe 
(D11Z1, Abbott Molecular Inc.), denatured for 5 min at 75°C, and preannealed for 15-30 min at 
37°C. The probes were applied to each slide, covered with a 22x22 mm coverslip, sealed with 
rubber cement, and co-hybridized on the slide for 16 h at 37°C. The slides were washed first with 
0.4xSSC/0.3% Tween-20 at 73ºC, next in 2xSSC/0.1% Tween-20 at room temperature, 
counterstained with 4',6-diamidino-2-phenylindole (DAPI, 160 ng/ml 2xSSC), and mounted with 
antifade (comprised of 1 mg/ml 1,4-phenylene-diamine (Sigma-Aldrich, St. Louis, MO) in 86% 
glycerol/PBS at pH 8.0) prior to analysis. All FISH analyses were carried out using an Olympus 
BX-61 epifluorescence microscope (Olympus Microscopes, Melville, NY). An Applied Imaging 
CytoVision workstation with Genus v3.6 software was used for image capture and analysis 
(Leica Microsystems, San Jose, CA). Copy number gain or loss of genes was determined by the 
relative ratio of the BAC probe to centromere 11. A ratio of <1.0 was considered to have relative 
gene copy loss, a ratio of 1 = equal, a ratio between 1 and 2.5 = gain, and a ratio ≥ 2.5 = 
amplified with respect to CEP11. The percentage of cells with relative loss, gain, or 
amplification was determined after counting at least 200 cells per slide. Results were reported as 
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a percentage of cells with an altered copy number of the gene relative to the copy number of 
chromosome 11 in that cell. 
2.3 CLONOGENIC SURVIVAL ASSAY 
Clonogenic (also called colony) survival assays were carried out to determine cell survival in 
response to treatment as described earlier (Parikh, et al. 2007). Two thousand cells from a single 
cell suspension of each cell line were seeded into 60 mm Petri dishes and incubated overnight to 
facilitate attachment. For IR-induced damage studies, cells were then treated with 2.5, 5, or 10 
Gy doses of γ-irradiation from a Gammacell 1,000 Elite irradiator (Nordion International, 
Ottawa, Canada) with a 
137
Cs source at a dose rate of 2.83 Gy/min. For gemcitabine-induced 
damage studies, cells were treated with 5 or 10 nM of gemcitabine.   Cell culture medium in all 
dishes was changed seven days after treatment. Untreated cells, also seeded at the same density, 
were used as controls to determine relative plating efficiency. After 12-14 days, 70% ethanol was 
used to fix the colonies in all culture dishes. The fixed colonies were then stained with Giemsa 
(Sigma) and counted. A colony was defined as a cluster of >50 cells, assuming that it had 
originated from a single cell. All experiments were performed in triplicate. Results were reported 
as a „Surviving fraction‟, which is the ratio of the number of colonies observed at a particular 
dose to that observed in the untreated control, represented as a percentage. It is calculated using 
the formulae below. 
Plating efficiency, PE = colonies counted in untreated / cells seeded 
Surviving Fraction, SF = colonies counted in treated / (cells seeded * PE/100) 
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2.4 ASSESSMENT OF MITOTIC DEFECTS 
 
We analyzed mitotic defects in HNSCC cell lines grown on coverslips. Cells were either 
untreated or treated with IR and then grown for 18 and 36 hours. At the end of 18 and 36 hours, 
the cells were fixed with 100% methanol, dried, and stained with DAPI. Coverslips were 
mounted onto slides with antifade. The slides were coded and 1000 cells were analyzed from 
each cell line. The frequencies of anaphase and interphase bridges and micronuclei were 
recorded. The values for cell lines were averaged and grouped into two categories, „Distal 11q 
loss‟ and „No distal 11q loss.‟ 
2.5 QUANTITATIVE REAL TIME PCR (QRT-PCR) 
QRT-PCR was carried out to assess the relative ATR and CHEK1 expression in untreated cell 
lines and those treated with IR or transfected with CHEK1 siRNA. RNA extraction for real-time 
PCR was performed using TRIzol reagent (Gibco Invitrogen) according to the manufacturer‟s 
instructions. The extracted RNA was purified using the RNeasy Mini kit (QIAGEN, 
Germantown, MD) and resuspended in 100 μl RNase free water. The RNA samples were 
purified of contaminating DNA using a DNA–free DNase kit (Ambion, Austin, TX) according to 
the manufacturer‟s instructions. RNA concentrations were assessed using the SmartSpec 3000 
(Bio-Rad Laboratories, Hercules, CA) and normalized to 40 ng/μl. Reverse transcription (RT) - 
PCR was carried with three inputs for each sample: 400 ng of total RNA, 100 ng of total RNA 
and a negative control with no reverse transcriptase. The RT set up is described in the table 
below:  
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Table 1. RT–PCR  reagents 
 
 
The thermocycler conditions were set up as: 25
 o
C for 10 min, 48
 o
C for 40 min, 95
 o
C for 5 min 
and hold at 10
 o
C. The cDNA was diluted 2.5 times to yield working concentrations of 1.6 ng/μl 
and 0.4 ng/μl. 
QRT-PCR of cDNA obtained after reverse transcription was carried out on the 7300 
Real-Time PCR System (Applied Biosystems), and analysis was done using the relative 
quantitation method as in Huang et al. (Huang, et al. 2002). The final concentrations of the QRT-
PCR reaction components were as follows: 1X Taqman Gene Expression Master Mix and 1X 
Taqman Gene Expression Assays (Probe/Primer mix for ATR, CHEK1 and 18s RNA) (Applied 
Biosystems). Thermocycler conditions for QRT-PCR were as follows: 95°C for 10 min, 40 
cycles of 95°C for 15 s and 60°C for 60 s using the (Applied Biosystems). The RNA expression 
levels were quantified relative to Universal Reference cDNA obtained from Clontech (Mountain 
View, CA). 
Reagent Company 
Input 
400 ng 100 ng 
No reverse 
transcriptase 
10X PCR Buffer II Applied Biosystems 10 ml 10 ml 10 ml 
MgCl2 (25 mM) Applied Biosystems 30 ml 30 ml 30 ml 
dNTP (25 mM) Roche Molecular Biochemicals 4 ml 4 ml 4 ml 
MMLV (10 U/ml) Ambion 1 ml 1 ml 1 ml 
RNase Inhibitor (40 U/ml) Applied Biosystems 1 ml 1 ml 1 ml 
Hex Primer (500 mM) Applied Biosystems 2.5 ml 2.5 ml 2.5 ml 
Nuclease Free Water Ambion 41.5 ml 49 ml 42.5 ml 
RNA  10 ml 2.5 ml 10 ml 
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2.6 IMMUNOBLOTTING 
Immunoblotting was utilized to evaluate expression of ATR-CHEK1 pathway proteins like ATR, 
CHEK1 and pCDC25C and to study the function of p53 in our cell lines by analyzing p53 and 
p21 protein expression after Adriamycin treatment (0.4 μg/ml of medium for 4-5 h at 37°C). 
First, cells were removed by trypsinization, washed with ice cold PBS, and lysed on ice with a 
solution containing 50 mM Tris, 1% Triton X-100 (Sigma), 0.1% sodium dodecyl sulfate (Bio-
Rad Laboratories, Hercules, CA), 150 mM NaCl (Fisher Chemicals, Fairlawn, NJ), 1 mM 
dithiothreitol (DTT) (Fisher Scientific, Inc., Hampton, NH), 10 μg/ml leupeptin (Roche Applied 
Science, Indianapolis, IN), 10 μg/ml pepstatin (Roche Applied Science) and 1 nM phenyl methyl 
sulfonyl fluoride (PMSF) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). The soluble cell 
lysate was centrifuged at 13,148 xg for 15 min and the supernatant was transferred to a clean 
microfuge tube. Protein concentrations were determined using the Bio-Rad Quick Start Bradford 
Protein Assay Kit and the SmartSpec 3000 (Bio-Rad Laboratories). Normalized lysates were 
resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to Immobilon-P membrane (Millipore Corporation, Billerica, MA). After blocking 
with 5% non-fat dry milk (NFDM) for 1 h, the membrane was incubated overnight with primary 
antibodies for specific DNA damage response proteins. The primary antibodies used were: ATR 
(Affinity Bioreagents, Golden, CO, 1:1000 dilution), CHEK1 (Cell Signaling, Danvers, MA, 
1:1000 dilution), pCHEK1 ser 345 (Cell Signaling, 1:1000 dilution), pCHEK1 ser 317 (Cell 
Signaling, 1:1000 dilution), pCDC25C (Cell Signaling, 1:1000 dilution), p53 (Santa Cruz 
Biotechnology, Inc., 1:750 dilution) and p21 (Santa Cruz Biotechnology, Inc., 1:750 dilution). 
The membrane was then incubated with the appropriate secondary antibody (Santa Cruz 
Biotechnology, Inc., 1:5000 dilution) for 1 h and target proteins were visualized using the 
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Western Lightning™ Chemiluminescence Reagent Plus kit (PerkinElmer Life Sciences, Boston, 
MA) according to the manufacturer's instructions. To verify equal protein loading in the gels, 
membranes were stripped and re-probed with antibodies against β-actin (Sigma 
Immunochemicals, St. Louis, MO, 1:1000 dilution) or α-Actinin (Santa Cruz Biotechnology, 
Inc., 1:1000 dilution). 
2.7 DENSITOMETRIC ANALYSIS OF PROTEIN BANDS 
Image J software from NIH was used for analyzing densities of protein bands in western blots. 
Relative optical densities were calculated for specific protein of interest and loading control for 
all lanes using one of the lanes as a reference. Adjusted densities were then calculated for each 
sample by normalizing the relative density of the protein of interest to the loading control for the 
same. 
2.8 CELL CYCLE ANALYSIS BY FLOW CYTOMETRY 
For cell cycle analysis, cells were seeded in 35 mm or 60 mm dishes and allowed to attach 
overnight. Following the relevant treatments, mock or IR, floating and adherent cells were 
collected at the end of 24 h, washed with
 
phosphate-buffered saline (PBS), and fixed with 70% 
ethanol.
 
The cells were then treated with 80 µg/ml RNase A and
 
50 µg/ml propidium iodide 
(Invitrogen-Molecular Probes, Carlsbad, CA) for 45 min at 37
o
C. The stained cells
 
were 
analyzed using a Coulter Epics XL Flow Cytometer in the UPCI Flow Cytometry Facility. 
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2.9 CHEK1 KNOCKDOWN BY RNA INTERFERENCE 
Small interfering RNAs (siRNA) are 21-25 nucleotide long double stranded RNAs, 
complimentary to a known target mRNA (Elbashir, et al. 2001). Usually a pool of two or more 
siRNA duplexes is used to specifically bind to and degrade the target mRNA. RNA interference 
to CHEK1, ATR and RAD9A was performed using Smartpool duplexes obtained from 
Dharmacon (Lafayette, CO). Nonspecific (scrambled) control duplexes (Dharmacon) were used 
as controls. The duplexes were reconstituted in DNA–free RNA resuspension buffer provided by 
Dharmacon according to the manufacturer‟s instructions. For transfection, the carcinoma cell 
lines were seeded in 60 mm dishes or T25 flasks and transfected with siRNA duplexes using 
Lipofectamine 2000 (Invitrogen) according to the manufacturer‟s instructions. The final working 
siRNA concentration ranged from 90-100 nM. We examined cells treated without vector 
(untreated controls), cells transfected with the nonspecific (scrambled) control siRNA (mock-
transfected controls), and cells transfected with specific smartpool siRNA duplexes (siRNA 
transfected) for all of our siRNA experiments. Peak siRNA transfection was seen at the end of 
24-96 h as assessed by RT-PCR and immunoblotting. At 72 h post-transfection, cells were 
seeded for clonogenic survival assay. 
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2.10 CHEK1 KNOCKDOWN BY SMALL MOLECULE INHIBITOR 
PF-00477736, a potent, specific CHEK1 small molecule inhibitor (SMI) was a gift from Pfizer, 
Inc. (Groton, CT). PF-00477736 selectively inhibits enzymatic activity of CHEK1, abrogates 
DNA damage-induced cell cycle arrest, and increases the cytotoxic effect of DNA damaging 
agents (Blasina, et al. 2008). PF-00477736 is only effective in p53-defective cell lines (Blasina, 
et al. 2008). Dose-response curves for the SMI, assessment of the optimal time for addition of 
the SMI in relation to IR treatment, and the effects of monotherapy with the drug or combined 
treatment with IR were determined using clonogenic survival assays.  
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3.0  RESULTS 
3.1 LOSS OF DISTAL 11Q AND ITS CONSEQUENCES 
3.1.1 Copy Number Loss in Genes within Distal 11q  
Dual-color FISH with BAC probes to the ATM, MRE11A, H2AFX or CHEK1 genes was carried 
out to compare copy number of the test probe with a centromere 11 enumeration probe (CEP11). 
Table 2 summarizes our FISH results determining the relative copy number of the ATM, 
MRE11A, H2AFX, and CHEK1 genes. Relative copy number loss (~haploinsufficiency) of one 
or more of these genes (specifically including ATM loss) is defined as „distal 11q loss‟ (Figs. 6 
and 7). Five of the 17 cell lines lost all four genes in more than 90% of cells. One of the 17 and 
six of the17 cell lines lost three and two genes, respectively in more than 70% of cells. Four of 
the 17 cell lines lost one or no genes on distal 11q. Thus, our results suggest that copy number 
loss of genes on distal 11q is observed in a substantial frequency of HNSCC cell lines. 
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Table 2. Summary of interphase FISH for relative copy number loss
1
 of MRE11A, ATM, 
H2AFX and CHEK1 genes in HNSCC cell lines 
1 
The results are displayed in terms of variation in copy number of a gene in relation to the ploidy 
of each cell line as determined by chromosome 11 centromere enumeration. 
2 
The numerical value represents the percentage of cells with copy number loss of specific gene. 
3 
ATM, MRE11A, H2AFX and CHEK1 genes are all located in the distal segment of the long arm 
of chromosome 11. 
 
 
 
 
    
Percentage of Cells with Loss of
2 
Tumor Site Cell Line 
MRE11A
3
 
11q21 
(94150466 - 
94227040) 
ATM
3
         
11q22-q23   
(108093559 - 
108239826) 
H2AFX
3
 
11q23.3 
(118964584 - 
118966177) 
CHEK1
3
 
11q24.2 
(125495031- 
125546150) 
Head and neck 
squamous cell 
carcinoma 
(HNSCC) 
UPCI:SCC029B 90 92 97 99 
UPCI:SCC040 100 99 99 99 
UPCI:SCC084 95 93 98 97 
UPCI:SCC131 98 92 96 98 
UPCI:SCC136 99 92 91 96 
UPCI:SCC172 96 98 79 64 
UPCI:SCC099 91 11 5 77 
UPCI:SCC103 20 91 96 63 
UPCI:SCC104 1 98 96 1 
UPCI:SCC105 10 70 77 5 
UPCI:SCC122 54 98 87 50 
UPCI:SCC142 1 94 60 92 
UPCI:SCC081 8 22 97 4 
UPCI:SCC066 20 3 13 15 
UPCI:SCC090 15 2 2 0 
UPCI:SCC116 14 15 16 10 
UPCI:SCC125 30 54 44 50 
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We also observed copy number loss of genes on distal 11q in NSCLC and OvC cell lines 
studied (Figs. 6 and 7). In NSCLC, three of eight cell lines lost all four genes in more than 80 % 
of cells (Table 3). One of eight had loss in two genes and four of eight did not have loss of any 
genes tested on distal 11q loss. In OvC, FISH to determine relative copy number was carried out 
for MRE11A and ATM genes. Three of five cell lines had loss in both genes (Table 4). One each 
of five cell lines had loss of one gene or loss of none. Thus, our results suggest that relative copy 
number loss of genes in the distal 11q region is present in multiple tumor types.  
Table 3. Summary of the interphase FISH for relative copy number loss
1
 of MRE11A, 
ATM, H2AFX and CHEK1 genes in NSCLC cell lines 
  
Percentage of Cells with Loss of
2 
Tumor Site Cell Line 
MRE11A
3
 
11q21 
(94150466 - 
94227040) 
ATM
3
         
11q22-q23   
(108093559 - 
108239826) 
H2AFX
3
 
11q23.3 
(118964584 - 
118966177) 
CHEK1
3
 
11q24.2 
(125495031- 
125546150) 
Non-small cell 
lung 
carcinoma 
(NSCLC) 
A549 100 91 99 89 
253T 88 93 98 81 
101-87T 100 95 75 80 
84T 97 87 50 68 
CALU-1 8 11 0 3 
H1299 2 4 0 1 
54T 14 4 0 4 
201T 0 13 0 5 
1 
The results are displayed in terms of variation in copy number of a gene in relation to the ploidy 
of each cell line as determined by chromosome 11 centromere enumeration. 
2 
The numerical value represents the percentage of cells with copy number loss of specific gene. 
3 
ATM, MRE11A, H2AFX and CHEK1 genes are all located in the distal segment of the long arm 
of chromosome 11. 
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Table 4. Summary of the interphase FISH for relative copy number loss
1
 of MRE11A and 
ATM genes in OvC cell lines 
    Percentage of Cells with Loss of
2 
Tumor Site Cell Line 
MRE11A
3 
 11q21  
(94150466 - 94227040) 
ATM
3
   
11q22-q23  
  (108093559 - 108239826) 
Ovarian 
carcinoma (OvC) 
SKOV-3 100 100 
OVCAR-3 100 100 
CP70 99 70 
ES-2 0 95 
A2780 1 0 
1 
The results are displayed in terms of variation in copy number of a gene in relation to the ploidy 
of each cell line as determined by chromosome 11 centromere enumeration. 
2 
The numerical value represents the percentage of cells with copy number loss of specific gene. 
3 
ATM and MRE11A genes are located in the distal segment of the long arm of chromosome 11. 
  
 
 
 
Figure 6. FISH for ATM in HNSCC and NSCLC cell lines 
(A) demonstrates normal copy number of ATM compared to CEP11, (B) and (C) demonstrates 
loss of ATM copy number compared to CEP11. 
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Figure 7. FISH for CHEK1 in HNSCC and NSCLC cell lines 
(A) and (B) demonstrates relative normal copy number of CHEK1 compared to CEP11, and (C) 
demonstrates loss of CHEK1 copy number compared to CEP11. 
3.1.2 Loss of Distal 11q is Associated with Reduced Sensitivity to IR 
The sensitivity of HNSCC, NSCLC and OvC cells to IR was assessed by clonogenic survival 
assay. The cell lines were divided into two groups: „distal 11q loss‟ and „no distal 11q loss.‟  
Based on previous studies in our lab and discussions with our Radiation Oncologists, the 
appropriate IR doses used for our experiments were 2.5 Gy and 5 Gy. Results were reported as 
plots of „Surviving Fraction‟ vs. radiation dose. HNSCC cell lines in the „distal 11q loss‟ group 
(UPCI:SCC029B, 040 and 131) showed 64 ± 2% and 18 ± 1% survival at 2.5 and 5 Gy of IR, 
respectively, whereas cell lines in the  „no distal 11q loss‟ group (UPCI:SCC066, 081 and 116) 
showed 24 ± 2% and 2 ± 0.1% survival respectively at the same two doses (Fig. 8). These results 
translated to three-fold higher survival at 2.5 Gy and eight-fold higher survival at 5 Gy IR in the 
HNSCC cell lines with „distal 11q loss‟ compared to the „no distal 11q loss‟ HNSCC cell lines. 
Similar to our previous results (Parikh, et al. 2007), these results showed clear evidence of 
radioresistance (or increased survival) in HNSCC cell lines with „distal 11q loss‟ cells compared 
to „no distal 11q loss‟ HNSCC cell lines at both radiation doses tested. Hence, radioresistance 
appears to be associated with copy number loss of genes on distal 11q. 
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Figure 8. Clonogenic survival assay of HNSCC cell lines in response to IR 
The surviving fraction of cells at specific IR doses is plotted with error bars (± SEM) on a 
logarithmic scale. Carcinoma cells in the “distal 11q loss” group (UPCI:SCC029B, 040 and 131) 
showed three-fold higher survival at 2.5 Gy and eight-fold higher survival at 5 Gy compared to 
cells in the “no distal 11q loss” group (UPCI:SCC066, 081 and 116).  
In NSCLC cell lines, the „distal 11q loss‟ group (A549, 84T, 253T and 101-87T) showed 49 
 4% and 15  2% survival at 2.5 and 5 Gy, respectively (Fig. 9). At the same two doses, the „no 
distal 11q loss‟ group (CALU-1, H1299, 54T and 201T) showed 18  2% and 4  1% survival, 
respectively. The distal 11q loss cell lines had approximately a three-fold higher survival 
compared to the no loss cell lines, both at 2.5 and 5 Gy IR. Similar results were also observed in 
the OvC cell lines. The „distal 11q loss‟ group (ES-2 and OVCAR-3) showed 70 ± 0.1% and 29 
± 2% survival at 2.5 and 5 Gy respectively, whereas A2780 (no distal 11q loss) had 24 ± 3% and 
2 ± 1% survival at the same doses (Fig. 10). A three-fold higher survival was observed in the 
„distal 11q loss‟ group at 2.5 Gy and a 17-fold higher survival at 5 Gy. Based on our findings, the 
reduced sensitivity to IR and loss of distal 11q seem to be strongly correlated in HNSCC, 
NSCLC and OvC cell lines.  
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Figure 9. Clonogenic survival assay of NSCLC cell lines in response to IR 
The surviving fraction of cells at specific IR doses is plotted with error bars (± SEM) on a 
logarithmic scale. Carcinoma cells in the “distal 11q loss” group (A549, 84T, 101-87T, 253T) 
showed three-fold higher survival at 2.5 and 5 Gy compared to cells in the “no distal 11q loss” 
group (CALU-1, H1299, 54T, 201T).  
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Figure 10. Clonogenic survival assay of OvC cell lines in response to IR 
The surviving fraction of cells at specific IR doses is plotted with error bars (± SEM) on a 
logarithmic scale. Carcinoma cells in the “distal 11q loss” group (ES-2, OVCAR-3) showed 
three-fold higher survival at 2.5 Gy and 17-fold higher survival at 5 Gy compared to cells in the 
“no distal 11q loss” group (A2780). 
Further, in an effort to replicate in vivo therapeutic strategy, in which patients get 
multiple low doses (2 Gy) of IR over a period up to seven weeks, we irradiated our cells plated 
for clonogenic survival assays with 2 Gy of IR for five days per week over a period of two 
weeks. Growing the cells for one rather than two weeks facilitated colony formation. In NSCLC 
cell lines with „distal 11q loss,‟ the observed survival rate was 12  2%, whereas the „no distal 
11q loss‟ group had a survival rate of 0.5  0.2% (Fig. 11). The highest observed survival in the 
„no distal 11q loss‟ group was in the 54T cell line, and the value was less than 1%. Therefore, the 
2 Gy daily treatments were lethal in the „no distal 11q loss‟ cells. These results provide further 
support for the correlation between loss of distal 11q and decreased sensitivity to IR. 
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Figure 11. Clonogenic survival assay of NSCLC cell lines in response to 2 Gy treatment of 
IR five days per week for two weeks 
The surviving fraction of cells at 2 Gy IR is plotted with error bars (± SEM) on a logarithmic 
scale. Carcinoma cells in the “distal 11q loss” group (A549, 101-87T, 253T) showed twice as 
much survival as cells in the “no distal 11q loss” group (CALU-1, 54T, 201T). 
3.1.3 Loss of Distal 11q Results in Changes in Expression of ATM and CHEK1  
ATM and CHEK1 gene expression was assessed by QRT-PCR to determine whether loss of one 
or more copies of these genes translates into a reduction in their expression. HNSCC cell lines 
with distal 11q loss have been reported to exhibit a reduction in ATM and H2AFX expression 
relative to a control NHOK cell line and cell lines without distal 11q loss (Parikh, et al. 2007). In 
NSCLC, cell lines with distal 11q loss exhibited a similar decrease in expression of ATM and 
CHEK1 compared to tumor cells without distal 11q loss (Table 5, Fig. 12). 
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Table 5. Relative expression of ATM and CHEK1 in NSCLC cell lines 
Loss of distal 
11q status 
Cell line 
Relative ATM 
Expression 
Relative CHEK1 
Expression 
No loss 
54T 2.24 1.75 
201T 3.69 4.69 
273T 5.11 5.65 
Loss 
84T 1.8 1.99 
253T 2.08 1.26 
A549 2.31 1.75 
 
 
Figure 12. Relative expression of ATM and CHEK1 in NSCLC cell lines 
QRT-PCR was carried out for ATM and CHEK1 genes. Loss of copy number of these two genes 
resulted in relatively lowered expression of ATM and CHEK1 in cells compared to expression 
levels in cells without loss of distal 11q. 
Immunoblotting for CHEK1 protein revealed that in untreated HNSCC and NSCLC cells, 
there was no strong correlation observed between CHEK1 protein expression and distal 11q loss 
as was seen between CHEK1 gene expression and distal 11q loss. HNSCC cell lines with loss of 
distal 11q (UPCI:SCC029B, 040, 104, 131) showed relatively lower CHEK1 expression 
compared to HNSCC cell lines without loss of distal 11q (UPCI:SCC066, 081, 116) (Fig. 13). 
Another cell line, UPCI:SCC136 (loss of distal 11q), had a higher CHEK1 expression than 
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UPCI:SCC116. Similarly, NSCLC cell lines with loss of distal 11q (A549, 101-87T, 253T) also 
showed relatively reduced CHEK1 expression compared to tumor cell lines without loss of distal 
11q (54T, CALU-1 and H1299).  
Thus, copy number loss of distal 11q leads to relatively reduced RNA expression of 
ATM, and relative reduced RNA and protein expression of CHEK1 in HNSCC and NSCLC cell 
lines. 
 
 
 
Figure 13. Protein expression of CHEK1 and densitometric analysis of expression in 
HNSCC cell lines  
CHEK1 expression assessed by immunoblotting showed that cells with loss of distal 11q had a 
relative lower expression of CHEK1 compared to cells without loss of distal 11q. 
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3.1.4 Loss of Distal 11q is Associated with Increased Mitotic Defects in HNSCC but not 
NSCLC 
To assess mitotic defects in HNSCC and NSCLC cell lines after treatment with IR, we measured 
the frequency of micronuclei, and anaphase and interphase bridges. Micronuclei and interphase 
bridges are manifestations of anaphase bridges and are markers of genotoxic stress and 
chromosomal instability. The presence of these defects suggests misrepaired or unrepaired DNA 
breaks (Acilan, et al. 2007; Fenech, et al. 2011). The frequency of each aberration type with and 
without IR treatment is represented in Figures 11 and 12. Our results show that in HNSCC cells 
with loss of distal 11q, there is a greater than two-fold increase in micronuclei and a 10-fold 
increase in interphase bridges 18 and 36 h post-irradiation compared to tumor cells without distal 
11q loss (Fig. 14). No significant accumulation of anaphase bridges was observed in either group 
of cell lines. In NSCLC cell lines, there was no significant difference in the frequency of 
measured mitotic defects (Fig. 15). Hence, HNSCC cells but not NSCLC cells with loss of distal 
11q have defective or diminished DDR to damage induced by IR compared to tumor cells 
without 11q loss. 
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Figure 14. Frequency of mitotic defects in treated and untreated HNSCC cell lines 
Presence of mitotic defects was assessed in two HNSCC cell lines each, with and without distal 
11q loss. Cells with distal 11q loss showed an increased accumulation of micronuclei and 
interphase bridges after IR-induced damage compared to cells without distal 11q loss. 
 
 
Figure 15. Frequency of mitotic defects in treated and untreated NSCLC cell lines 
Presence of mitotic defects was assessed in two NSCLC cell lines each, with and without distal 
11q loss. Cells with distal 11q loss did not show a significant difference in accumulation of 
micronuclei and interphase bridges after IR-induced damage compared to cells without distal 11q 
loss. 
 
 50 
3.2 UPREGULATED ATR-CHEK1 PATHWAY 
3.2.1 The ATR-CHEK1 Pathway is Upregulated in HNSCC Cell Lines With Loss of 
Distal 11q  
Copy number loss of MRE11A, ATM, H2AFX, and CHEK1 on distal 11q resulted in decreased 
expression of these genes and their proteins (Parikh, et al. 2007). This observation combined 
with the radioresistant phenotype suggests that a decrease in the ATM pathway results in 
increased activity of a compensatory pathway in the cells with distal 11q loss. We evaluated the 
activity of the related ATR-CHEK1 pathway by examining the protein expression of CHEK1 in 
response to IR. HNSCC cell lines with distal 11q loss, when treated with IR showed an increase 
in CHEK1 expression 6 h after radiation compared to cell lines without distal 11q loss (Fig. 16). 
This suggests upregulation of the ATR-CHEK1 pathway after irradiation in HNSCC cells with 
loss of distal 11q. 
 
Figure 16. Total CHEK1 expression in response to IR in HNSCC cells 
Total CHEK1 expression assessed by immunoblotting showed that CHEK1 expression in 
response to IR was increased in HNSCC cells with loss of distal 11q compared to HNSCC cells 
without distal 11q loss. 
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3.2.2 Increased ATR-dependent Phosphorylation of CHEK1 in Tumor Cells With Loss of 
Distal 11q 
The phosphorylation status of CHEK1 was examined using antibodies against the 
phosphorylation sites ser345 and ser317 to confirm upregulation of the ATR-CHEK1 pathway. 
Ser345 phosphorylation is necessary for CHEK1 activation and a proper checkpoint response 
after DNA damage. This phosphorylation also promotes nuclear retention of CHEK1 (Jiang, et 
al. 2003; Niida, et al. 2007). Ser317 phosphorylation is required for subsequent ser345 
phosphorylation in response to DNA damage (Wang, et al. 2012). Early phosphorylation of 
ser345 is thought to occur in an ATR-dependent manner, whereas phosphorylation of ser317 in 
response to IR is reported to be dependent on ATM and NBS1 (Gatei, et al. 2003; Wang, et al. 
2012). As predicted, HNSCC and NSCLC cells with loss of distal 11q showed an increase in 
CHEK1 ser345 phosphorylation after IR, which was absent in the cells without distal 11q loss 
(Fig. 17). In HNSCC and NSCLC cells without loss of distal 11q, ATM appears to be primarily 
responsible for the DDR and hence, the phosphorylation of CHEK1 ser317 was increased in 
these cells. There was also an observable increase in ser317 phosphorylation in tumor cells with 
distal 11q loss, since they retain some ATM expression (Figs. 18 and 19). Densitometric analysis 
of expression did not show a significant correlation between the level of phosphorylation and 
loss of distal 11q. All cell lines have a base line level of protein expression that varies 
considerably, and therefore, an absolute number for protein expression cannot be used as a 
marker for identifying increased activity of the ATR-CHEK1 pathway. Increased 
phosphorylation of ser345 exclusively in tumor cells with loss of distal 11q confirms increased 
activity of the ATR-CHEK1 pathway in response to IR in these cells compared to those without 
loss of distal 11q. Increased phosphorylation of ser317 in tumor cells with and without distal 11q 
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loss suggests that in response to IR ATM is activated in all cell lines. Hence, this upregulated 
ATR-CHEK1 pathway might be responsible for the radioresistant phenotype observed in tumor 
cells with loss of distal 11q.  
 
 
Figure 17. CHEK1 phosphorylation at ser345 in response to IR in HNSCC and NSCLC 
cells 
Immunoblotting for phosphorylated CHEK1 6 h post-IR treatment demonstrates increased 
phosphorylation of CHEK1 at ser345 at this timepoint only in HNSCC and NSCLC cells with 
loss of distal 11q.  
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Figure 18. CHEK1 phosphorylation at ser317 in response to IR in HNSCC cells 
Immunoblotting for phosphorylated CHEK1 6 h post-IR treatment demonstrates increased 
phosphorylation of CHEK1 at ser317 at this timepoint in HNSCC cells with and without loss of 
distal 11q.  
 
 
 
Figure 19. Densitometric analysis of CHEK1 phosphorylation at ser317 in response to IR in 
NSCLC cells  
Densitometric analysis of phosphorylated CHEK1 expression 6 h post-IR treatment demonstrates 
increased phosphorylation of CHEK1 at ser317 at this timepoint in NSCLC cells with and 
without loss of distal 11q.  
 
3.2.3 Increased Phosphorylation of CDC25C Due to an Upregulated ATR-CHEK1 
Pathway 
We also evaluated the downstream signaling efficiency of the ATR-CHEK1 pathway by 
assessing the phosphorylation status of CDC25C on ser216 in response to 5 Gy IR treatment. 
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Phosphorylation of CDC25C is thought to prevent the activation of Cyclin B/CDK1 complex and 
G2 arrest. Increased phosphorylation of CDC25C was previously reported in UPCI:SCC104 
(distal 11q loss) compared to UPCI:SCC066 (no distal 11q loss) (unpublished data). In NSCLC 
cell lines, 84T (loss of distal 11q) cells showed an increase in ser216 phosphorylation within one 
hour of IR treatment, and this phosphorylation was maintained for eight hours post-treatment 
(Fig. 20). At 16 hours after IR treatment, these cells showed a decrease in phosphorylation. In an 
NSCLC cell line without loss of distal 11q (201T), CDC25C was not phosphorylated at ser216 at 
either of the two early timepoints (1 or 8 h) after IR. There was an increase in phosphorylation at 
16 h after IR in these cells.  This is consistent with our earlier results and confirms the increased 
early activation and upregulation of the ATR-CHEK1 pathway in tumor cells with distal 11q 
loss.  
 
Figure 20. CDC25C phosphorylation at ser216 in response to IR in NSCLC cells 
Immunoblotting for phosphorylated CDC25C after IR treatment demonstrates increased 
phosphorylation of CDC25C at ser216 at two and eight hours post-IR in NSCLC cells with loss 
of distal 11q. In NSCLC cells without loss of distal 11q, there was a delayed (16 h post-IR) 
increase of CDC25C phosphorylation.  
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3.2.4 Distal 11q Loss is Associated with Increased S and G2M checkpoint arrest after IR 
in HNSCC Cells, but not in NSCLC Cells 
To study the cell cycle profiles of HNSCC, NSCLC and OvC cells in response to DNA 
damaging agents, flow cytometry was carried out on cell lines treated with 5 Gy IR (Tables 6 and 
7). Dr. Rahul Parikh reported a loss of the G1 checkpoint and increased G2M accumulation after 
treatment with IR in five of eight cell lines tested. Each of these five cell lines also had distal 11q 
loss (unpublished data). In NSCLC cells, tumor cells with loss of distal 11q (A549, 101-87T, 
253T) did not accumulate in the G2M phase after treatment with IR. There was no observed loss 
of the G1 checkpoint either. Two of three NSCLC cells without distal 11q loss (54T, CALU-1) 
did show a loss of the G1 checkpoint and G2M accumulation after treatment with IR. A third cell 
line without distal 11q loss did not show either of the two characteristics. Cell cycle profile after 
treatment with IR was also tested in two OvC cell lines, one each with and without loss of distal 
11q. ES-2 (distal 11q loss) cells showed loss of the G1 checkpoint and G2M accumulation, 
similar to HNSCC cells with distal 11q loss. A2780  (no distal 11q loss) cells did not show a 
significant loss of the G1 checkpoint or G2M accumulation. The ATR-CHEK1 pathway is known 
to control the S and G2M checkpoints, and upregulation of this pathway in the HNSCC and OvC 
cells with distal 11q loss might contribute to the accumulation of cells at the G2M checkpoint in 
response to DNA damage induced by IR. Unlike in HNSCC cells with distal 11q loss, G2M 
checkpoint arrest may not contribute to the radioresistant phenotype in NSCLC cells with distal 
11q loss and an upregulated ATR-CHEK1 pathway. 
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Table 6. Cell cycle analysis in NSCLC cells in response to IR 
Cell lines 
Distal 11q 
loss status 
Untreated 5 Gy IR (24 h) 
G0/G1 S G2/M G0/G1 S G2/M 
54T No loss 64 19 16 34 25 40 
CALU-1 No loss 66 11 22 33 10 57 
201T No loss 73 14 7 70 15 11 
101-87T Loss 80 8 12 80 4 16 
253T Loss 86 6 5 90 4 4 
A549 Loss 78 8 11 77 7 14 
 
 
Table 7. Cell cycle analysis in OvC cells in response to IR 
Cell lines 
Distal 11q loss 
status 
Untreated 5 Gy IR (24 h) 
G0/G1 S G2/M G0/G1 S G2/M 
A2780 No loss 71 13 14 59 13 25 
ES-2 Loss 79 10 10 35 26 38 
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3.3 INHIBITION OF THE ATR-CHEK1 PATHWAY RESENSITIZES TUMOR 
CELLS WITH LOSS OF DISTAL 11Q TO IR 
3.3.1 Knocking Down the ATR-CHEK1 Pathway Resensitizes Tumor Cells to DNA 
Damage Induced by IR 
We have shown that the ATR-CHEK1 pathway is associated with the radioresistant phenotype 
observed in our cell lines with distal 11q loss. To confirm the role of the ATR-CHEK1 pathway 
in radioresistance in cells with distal 11q loss, we used siRNA specific to ATR, CHEK1 and 
RAD9A to knock down their expression in cell lines and assess the effect of this knockdown on 
resistance. RAD9A is a part of the 9-1-1 complex that is involved in sensing DNA damage and 
signaling to the ATR-CHEK1 pathway. Hence, RAD9A inhibition was also carried out with ATR 
and CHEK1 inhibition to assess the effect of knockdown at all three levels of the DDR (sensing, 
transduction and effector functions). CHEK1 expression was inhibited to a high level (~ 90%) 
after knockdown using siRNA specific to CHEK1, while a scrambled non–specific siRNA did 
not inhibit CHEK1 expression after 72 h, assessed by QRT-PCR and immunoblotting (Fig. 21). 
Similarly, ATR and RAD9 knockdown also resulted in high levels of inhibition of the expression 
of these two genes. The effect of inhibiting the ATR-CHEK1 pathway on sensitivity to IR was 
assessed by clonogenic survival assays. Cells in the clonogenic survival assay were divided into 
three groups – „Untreated,‟ „Mock-transfected,‟ and „siRNA-transfected.‟ The „Mock-
transfected‟ group represents the average survival values for the two controls, one a control 
treated with transfection reagent, Lipofectamine 2000, and the other control treated with a pool 
of non-specific siRNA. To maximize siRNA-based knockdown, cells were plated for clonogenic 
survival assay 48-72 hours post-transfection and treated with IR 72-96 h post-transfection. 
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Figure 21. CHEK1 expression after siRNA-based knockdown in tumor cells 
QRT-PCR and Western blotting to assess CHEK1 expression after siRNA-based knockdown 
demonstrates that tumor cells did have a stable knockdown of CHEK1 gene and protein 
expression 72 h after transfection with siRNA. 
The survival of „Untreated‟ HNSCC cells from the „Distal 11q loss‟ group 
(UPCI:SCC040, UPCI:SCC029B and UPCI:SCC131) was 66 ± 0.2% and 19 ± 0.1% at 2.5 and 5 
Gy of IR, respectively (Fig. 22). „Mock-transfected‟ cells showed a slight, but not statistically 
significant decrease in survival compared to the „Untreated‟ cells. The survival of „siCHEK1-
transfected‟ cells was 30 ± 6% and 6 ± 2% at 2.5 and 5 Gy of IR, respectively. The results show 
that half as many HNSCC cells with distal 11q loss survived an IR dose of 2.5 Gy after 
transfection with CHEK1 siRNA compared to cells without 11q loss. Radiation treatment of 5 
Gy resulted in three-fold lowered survival in CHEK1 siRNA transfected cells with distal 11q 
loss compared to untreated and mock-transfected cells.  No significant difference in survival was 
observed between the three treatment conditions in tumor cells without distal 11q loss. Similarly, 
ATR and RAD9A knockdown resulted in resensitization exclusively of tumor cells with distal 11q 
loss to radiation treatment. ATR inhibition in HNSCC cells with loss of distal 11q 
(UPCI:SCC029B, 040 and 131) showed a four-fold decrease in survival at 2.5 Gy and a 10-fold 
decrease at 10 Gy (Fig. 23). RAD9A inhibition showed a two-fold decrease in survival at 2.5 Gy 
in tumor cell line with loss of distal 11q (UPCI:SCC029B) (Fig. 24). HNSCC cells without loss 
of distal 11q (UPCI:SCC116) did not show a significant difference in survival after ATR or 
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RAD9A inhibition. The knockdown of ATR, CHEK1 and RAD9A expression by siRNA 
transfection showed that inhibiting the activity of the ATR-CHEK1 pathway can reverse the 
radioresistance phenotype in HNSCC cells.  
 
Figure 22. Clonogenic survival assay in response to IR after siRNA-based CHEK1 
knockdown in HNSCC cells 
The surviving fraction of cells at 0 and 2.5 Gy IR for the three conditions (untreated, mock-
transfected and siCHEK1-transfected) is plotted with error bars (± SEM) on a logarithmic scale. 
HNSCC cells transfected with siCHEK1 in the „distal 11q loss‟ group (UPCI:SCC029B, 040, 
131) showed two-fold decrease in survival compared to the untreated and mock-transfected cells. 
Cells without distal 11q loss (UPCI:SCC116) did not show any significant difference in survival 
between the three conditions. 
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Figure 23. Clonogenic survival assay in response to IR after siRNA-based ATR knockdown 
in HNSCC cells with loss of distal 11q 
The surviving fraction of cells at 0, 2.5 and 5 Gy IR for the three conditions (untreated, mock-
transfected and siATR-transfected) is plotted with error bars (± SEM) on a logarithmic scale. 
HNSCC cells transfected with siATR in the „distal 11q loss‟ group (UPCI:SCC029B, 040, 131) 
showed four-fold decrease in survival at 2.5 Gy and 10-fold decrease at 5 Gy compared to the 
untreated and mock-transfected cells.  
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Figure 24. Clonogenic survival assay in response to IR after siRNA-based RAD9A 
knockdown in HNSCC cells 
  
The surviving fraction of cells at 0 and 2.5 Gy IR for the three conditions (untreated, mock-
transfected and siRAD9A-transfected) is plotted with error bars (± SEM). HNSCC cell line with 
distal 11q loss (UPCI:SCC029B) transfected with siRAD9A showed two-fold decrease in 
survival at 2.5 Gy compared to the untreated and mock-transfected cells. Cells without distal 11q 
loss (UPCI:SCC116) did not show any significant difference in survival between the three 
conditions. 
Similar results were observed in NSCLC cell lines. „Untreated‟ cells from the „Distal 11q 
loss‟ group (A549, 101-87T, 253T, 84T) survived 46  3% and 13  0.5% at 2.5 and 5 Gy of IR, 
respectively. The „Mock-transfected‟ group did show a slight, but not significant reduction in 
survival rate. „siCHEK1-transfected‟ group survived 14  1% and 2  0.6% at 2.5 and 5 Gy of 
IR, respectively (Fig. 25). This translates to a three-fold decrease in survival at 2.5 Gy and six-
fold decrease in survival at 5 Gy after transfection. Cells without distal 11q loss (54T, 201T, 
CALU-1) did not show any significant difference in survival between the three experimental 
categories (Fig. 25). ATR knockdown in NSCLC cells with distal 11q loss resulted in a two-fold 
decrease in survival at 2.5 Gy and a three-fold decrease in survival at 5 Gy (Fig. 26). This 
inhibition did not result in a significant difference in survival after IR in NSCLC cells without 
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loss of distal 11q (CALU-1, 201T, 54T). RAD9A inhibition also resulted in a two-fold decrease 
in survival at 2.5 Gy in NSCLC cell line with loss of distal 11q (253T), whereas tumor cell line 
without loss of distal 11q (54T) did not show a significant difference in survival after IR (Fig. 
27). 
 
Figure 25. Clonogenic survival assay in response to IR after siRNA-based CHEK1 
knockdown in NSCLC cells 
The surviving fraction of cells at 0 and 2.5 Gy IR for the three conditions (untreated, mock-
transfected and siCHEK1-transfected) is plotted with error bars (± SEM) on a logarithmic scale. 
NSCLC cells transfected with siCHEK1 in the „distal 11q loss‟ group (A549, 84T, 101-87T, 
253T) showed three-fold decrease in survival compared to the untreated and mock-transfected 
cells. NSCLC cells without distal 11q loss (CALU-1, 54T, 201T) did not show any significant 
difference in survival between the three conditions. 
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Figure 26. Clonogenic survival assay in response to IR after siRNA-based ATR knockdown 
in NSCLC cells 
The surviving fraction of cells at 0, 2.5 and 5 Gy IR for the three conditions (untreated, mock-
transfected and siATR-transfected) is plotted with error bars (± SEM) on a logarithmic scale. 
NSCLC cells transfected with siATR in the „distal 11q loss‟ group (A549, 101-87T, 253T) 
showed two-fold decrease in survival at 2.5 Gy and three-fold decrease at 5 Gy compared to the 
untreated and mock-transfected cells. NSCLC cells without distal 11q loss (CALU-1, 54T, 201T) 
did not show any significant difference in survival between the three conditions. 
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Figure 27. Clonogenic survival assay in response to IR after siRNA-based RAD9A 
knockdwon in NSCLC cells 
The surviving fraction of cells at 0 and 2.5 Gy IR for the three conditions (untreated, mock-
transfected and siRAD9A-transfected) is plotted with error bars (± SEM). NSCLC cells with 
distal 11q loss (253T) transfected with siRAD9A showed four-fold decrease in survival at 2.5 Gy 
and 10-fold decrease at 5 Gy compared to the untreated and mock-transfected cells. Cells 
without distal 11q loss (54T) did not show any significant difference in survival between the 
three conditions. 
Clonogenic survival assay in response to IR after CHEK1 knockdown was also done in 
OvC cell lines. OvC cell line, ES2 (Distal 11q loss), also was resensitized to IR after CHEK1 
knockdown. When treated with 2.5 Gy IR, siCHEK1-transfected ES2 cells (13  4%) showed a 
four-fold decrease in survival when compared to the untreated cells (58  6%) and mock-
transfected cells (49  4%) (Fig. 28). Similar to the HNSCC and NSCLC cell lines, OvC cell 
line, A2780 (No distal 11q loss) did not exhibit any significant reduction in survival after 
transfection. CHEK1 knockdown resulted in increased sensitivity to IR in NSCLC and OvC 
tumor cells with loss of distal 11q. 
Since inhibition of the ATR-CHEK1 pathway resulted exclusively in resensitization of 
tumor cells with loss of distal 11q to radiation treatment, these results suggest that upregulation 
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of the ATR-CHEK1 pathway plays a direct role in the radioresistance phenotype observed in 
HNSCC, NSCLC and OvC cells with loss of distal 11q. 
 
Figure 28. Clonogenic survival assay in response to IR after siRNA-based CHEK1 
knockdown in OvC cells 
The surviving fraction of cells at 0 and 2.5 Gy IR for the three conditions (untreated, mock-
transfected and siCHEK1-transfected) is plotted with error bars (± SEM) on a logarithmic scale. 
OvC cell line, ES-2 (distal 11q loss) transfected with siCHEK1 showed four-fold decrease in 
survival compared to the untreated and mock-transfected cells. OvC cell line, A2780 (without 
distal 11q loss) did not show any significant difference in survival between the three conditions. 
 
 
 
 
 
 
 
 
 66 
3.3.2 A CHEK1 SMI Resensitizes HNSCC Cells to DNA Damage Induced by IR 
To advance these studies towards the clinic, we used a potent and specific targeted CHEK1 small 
molecule inhibitor (SMI), PF-00477736, to inhibit the enzymatic activity of CHEK1 and then 
assessed the effect of this inhibition on survival. CHEK1 inhibitors are reported to selectively 
increase the efficacy of IR and other DNA damaging agents in cells with defective G1 
checkpoints (e.g., as a result of defective p53 signaling) while producing minimal damage in 
cells without G1 checkpoint defects (Blasina, et al. 2008). Prior to SMI treatment, we tested our 
cell lines for p53 functionality by treating the cells with the chemotherapeutic agent, Adriamycin 
and then assessing the protein expression of p53 and its downstream target, p21 by 
immunoblotting. We identified HNSCC cell lines with loss of distal 11q and defective p53 
signaling for our SMI experiments (Table 8). All NSCLC cell lines with loss of distal 11q had 
effective p53 signaling. Knocking down p53 in these cell lines using siRNA did not produce 
stable inhibition of p53 signaling and therefore, combined treatment of the SMI and IR could not 
be assessed in NSCLC cells. 
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Table 8. p53 signaling status of HNSCC cell lines as determined by analyzing p53 and p21 
expression after treatment with Adriamycin 
 
 
PF-00477736 dose response curves generated in HNSCC cell lines in our lab and 
previous reports (Blasina, et al. 2008) have shown that the optimal dose range required to 
achieve maximum effect is between 360 and 540 nM. To determine the best time to add the SMI, 
clonogenic survival assays were carried out after adding the SMI at varying timepoints around 
the radiation therapy. Addition of the SMI 8h prior to irradiation was determined to have the 
maximum effect on cell kill (Fig. 29).  
Tumor type Cell Line Distal 11q status 
p53 
signaling 
status 
HNSCC 
UPCI:SCC016 Loss + 
UPCI:SCC029B Loss - 
UPCI:SCC040 Loss - 
UPCI:SCC066 No loss - 
UPCI:SCC075 No loss - 
UPCI:SCC081 No loss + 
UPCI:SCC084 Loss + 
UPCI:SCC104 Loss - 
UPCI:SCC105 Loss - 
UPCI:SCC114 Loss - 
UPCI:SCC116 No loss - 
UPCI:SCC122 Loss + 
UPCI:SCC125 Heterogeneous loss - 
UPCI:SCC131 Loss - 
UPCI:SCC136 Loss + 
UPCI:SCC142 Loss - 
UPCI:SCC154 Loss - 
UPCI:SCC172 Loss - 
UPCI:SCC182 No loss + 
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Figure 29. Clonogenic survival assay determining appropriate timepoint for addition of 
SMI in relation to IR 
The surviving fraction of HNSCC cells with distal 11q loss (UPCI:SCC040, 131) treated with 
540 nM PF-00477736 at various time-points in relation to IR is plotted. The addition of SMI 8 h 
prior to IR was found to be most effective.  
HNSCC cell lines UPCI:SCC040 and UPCI:SCC131 (both with distal 11q loss and 
defective p53 signaling) when treated with 540 nM SMI in combination with IR resulted in a 
two-fold reduction in survival at 2.5 Gy and >four-fold reduction in survival at 5 Gy as 
compared to cells treated with IR alone (Fig. 30). UPCI:SCC116 (no distal 11q loss and 
defective p53 signaling) when treated with the same dose of SMI combined with IR showed no 
difference in survival between the untreated and SMI-treated at 2.5 or 5 Gy. The SMI alone did 
not have any effect on these cells, but was lethal at 360 nM in UPCI:SCC066 (no distal 11q loss 
and defective p53 signaling) and hTERT-transfected human OKF6 cells (OKF6-hTERT). Our 
results indicate that the CHEK1 SMI, PF-00477736 mirrored the effect of the siRNA-based 
knockdown in HNSCC cell lines. 
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Figure 30. Clonogenic survival assay in response to IR after SMI-based CHEK1 
knockdown in HNSCC cells 
The surviving fraction of cells at 0 and 2.5 Gy IR for untreated and CHEK1 SMI treated is 
plotted with error bars (± SEM) on a logarithmic scale. Combined treatment of the SMI and IR in 
cells with distal 11q loss (UPCI:SCC131 and UPCI:SCC040) showed two-fold decrease in 
survival at 2.5 Gy and four-fold decrease at 5 Gy compared to cell treated only with IR. In cells 
without loss of distal 11q (UPCI:SCC116), there was no significant difference in survival at 2.5 
or 5 Gy between the combined treatment of SMI and IR, and IR treatment alone. 
To assess the effect of active p53 signaling on the efficiency of the SMI, NSCLC cells 
with loss of distal 11q and effective p53 signaling were treated with 540 nM SMI. There was no 
observable difference in survival at 2.5 Gy of IR between the untreated and SMI-treated cells. In 
OvC cell lines, treatment with SMI alone killed 70-80% of cells irrespective of their distal 11q 
copy number. Due to the lack of NSCLC cell lines with distal 11q loss and defective p53 
signaling, and the sensitivity of OvC cell lines to the SMI, conclusive assessment of the relation 
between loss of distal 11q and SMI-based CHEK1 knockdown could not be made in the cell 
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lines of these two tumor types. From these studies, we conclude that in HNSCC cells with distal 
11q loss the combination of IR and CHEK1 SMI increases the efficacy of IR treatment. 
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3.4 LOSS OF DISTAL 11Q AND GEMCITABINE RESISTANCE 
3.4.1 Distal 11q Loss is Associated with Reduced Sensitivity to Gemcitabine 
Sensitivity of the NSCLC, HNSCC and OvC cell lines to the DNA damaging agent, gemcitabine 
was determined using clonogenic survival assays. The assays were done in triplicate for each cell 
line and the results were grouped into two: „Distal 11q loss‟ and „No distal 11q loss‟ as in our IR 
studies. We generated dose response curves to determine the appropriate dose of gemcitabine to 
be used. Based on these results, it was determined that 5 and 10 nM doses of gemcitabine were 
best, as the 25 nM and 50 nM doses killed all cells without distal 11q loss (Fig. 31).   
 
Figure 31. Dose response curve to gemcitabine in NSCLC cells 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine is plotted with error bars (± SEM) 
on a logarithmic scale. In NSCLC cells without distal 11q loss (CALU-1, 54T, 201T) 
gemcitabine doses of 10 and 25 nM were lethal.  
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HNSCC cells in the „distal 11q loss‟ group (UPCI:SCC029B, 040, 131, 136) showed 97 
± 5% and 82 ± 6% survival at 5 and 10 nM gemcitabine, respectively. HNSCC cells in the „no 
distal 11q loss‟ group (UPCI:SCC066, 081, 116) showed 70 ± 6% and 51 ± 10% survival at the 
same two doses (Fig. 32). NSCLC cells in the „distal 11q loss‟ group (A549, 101-87T, 253T) 
showed 99 ± 2% and 75 ± 4% survival at 5 and 10 nM, respectively. The „no distal 11q loss‟ 
group (CALU-1, 54T, 201T) showed 54 ± 1% and 21 ± 11% survival at the same two doses (Fig. 
33). H1299, an NSCLC cell line without 11q loss showed a high survival rate (57.3%) at 10 nM 
gemcitabine and therefore, wasn‟t included in the earlier results. Three OvC cell lines, A2780 
(no distal 11q loss), ES-2 and OVCA432 (both with distal 11q loss) were tested for gemcitabine 
sensitivity. There was no significant difference observed between the three cell lines at 5 nM 
(Fig. 34). At 10 nM, OVCA432 showed a much higher survival compared to the other two cell 
lines. Hence, resistance to gemcitabine treatment seems to be associated with copy number loss 
of distal 11q genes in HNSCC and NSCLC cell lines, but not in OvC cell lines. 
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Figure 32. Clonogenic survival assay of HNSCC cell lines in response to gemcitabine 
treatment 
The surviving fraction of cells at specific gemcitabine doses is plotted with error bars (± SEM) 
on a logarithmic scale. Carcinoma cells in the “distal 11q loss” group (UPCI:SCC029B, 040 and 
131) showed increased survival compared to cells in the “no distal 11q loss” group 
(UPCI:SCC066, 081 and 116). 
 
Figure 33. Clonogenic survival assay of NSCLC cell lines in response to gemcitabine 
treatment 
The surviving fraction of cells at specific gemcitabine doses is plotted with error bars (± SEM) 
on a logarithmic scale. Carcinoma cells in the “distal 11q loss” group (A549, 101-87T, 253T) 
showed increased survival compared to cells in the “no distal 11q loss” group (CALU-1, 54T, 
201T). 
  
Figure 34. Clonogenic survival assay of OvC cell lines in response to gemcitabine treatment 
The surviving fraction of cells at specific gemcitabine doses is plotted with error bars (± SEM) 
on a logarithmic scale. There was no significant difference in survival between cells with and 
without distal 11q loss. 
3.4.2 The ATR-CHEK1 Pathway is Upregulated in HNSCC and NSCLC Cell Lines 
The primary pathway responsible for the DDR to gemcitabine-induced damage is the ATR-
CHEK1 pathway (Shi, et al. 2001; Karnitz, et al. 2005). The activity of this pathway was 
evaluated by examining the protein expression of CHEK1 in response to gemcitabine. The 
phosphorylation status of ser317 and ser345 on CHEK1 was also examined to assess the 
efficiency of signaling of the ATR-CHEK1 pathway. HNSCC and NSCLC cell lines, with and 
without distal 11q loss, when treated with 10 nM gemcitabine showed increased CHEK1 
expression 6 h after treatment (Figs. 35 and 36). These results are consistent with reports that the 
ATR-CHEK1 pathway initiates the DDR to gemcitabine-induced damage in tumor cells. 
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Figure 35. Total CHEK1 expression in response to gemcitabine in UPCI HNSCC cells  
Total CHEK1 expression assessed by immunoblotting showed that CHEK1 expression after 
gemcitabine treatment was increased in HNSCC cells with and without distal 11q loss. 
 
  
Figure 36. Total CHEK1 expression in response to gemcitabine in NSCLC cells  
Total CHEK1 expression assessed by immunoblotting showed that CHEK1 expression after 
gemcitabine treatment was increased in NSCLC cells with and without distal 11q loss. 
To further assess the DDR signaling to gemcitabine by the ATR-CHEK1 pathway, the 
phosphorylation status of CHEK1 was examined using antibodies against the phosphorylation 
sites ser345 and ser317. As predicted, HNSCC and NSCLC cells with and without loss of distal 
11q showed increased phosphorylation of both ser345 and ser317 sites on CHEK1 after a 6 h 
treatment with 10 nM gemcitabine (Figs. 37 and 38). There was no significant difference in the 
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level of phosphorylation between tumor cells with and without loss of distal 11q. These results 
confirm increased activity of the ATR-CHEK1 pathway in tumor cells with and without loss of 
distal 11q in response to gemcitabine induced damage. These results suggest that altered ATR-
CHEK1 pathway activation is not responsible for the decreased sensitivity to gemcitabine that 
was observed in tumor cells with distal 11q loss. 
 
Figure 37. CHEK1 phosphorylation at ser345 and ser317 in response to gemcitabine in 
HNSCC cells 
Immunoblotting for phosphorylated CHEK1 6 h after treatment with 10 nM gemcitabine 
demonstrates increased phosphorylation of CHEK1 at ser345 at this timepoint in HNSCC and 
NSCLC cells with and without loss of distal 11q.  
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Figure 38. CHEK1 phosphorylation at ser345 and ser317 in response to gemcitabine in 
NSCLC cells 
Immunoblotting for phosphorylated CHEK1 6 h after treatment with 10 nM gemcitabine 
demonstrates increased phosphorylation of CHEK1 at ser317 at this timepoint in HNSCC and 
NSCLC cells with and without loss of distal 11q.  
3.4.3 Knockdown of the ATR-CHEK1 Pathway with siRNA/SMI Resensitizes Cells with 
Distal 11q Loss to Damage Induced by Gemcitabine 
The effect of CHEK1 inhibition using siRNA or SMI on resistance to gemcitabine was assessed 
using clonogenic survival assays. CHEK1 knockdown with siRNA or SMI in combination with 
gemcitabine treatment was carried out in a similar to the knockdown experiments with IR. 
HNSCC cells with loss of distal 11q (UPCI:SCC029B, 040, 131) when treated with siRNA 
against CHEK1, showed decreased survival in response to gemcitabine as compared to 
„Untreated‟ or „Mock-transfected‟ cells. Cells in the latter two groups showed a survival of 90 ± 
5% and 81 ± 7%, and 92 ± 4% and 82 ± 5% at 5 and 10 nM gemcitabine, respectively (Fig. 39). 
„siCHEK1-transfected‟ cells at the same two concentrations of gemcitabine, showed 57.8±4% 
and 47.1±2% survival, respectively. Similarly „Untreated‟ and „Mock-transfected‟ NSCLC cells 
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with loss of distal 11q (A549, 253T, 101-87T) showed 95 ± 2% and 67 ± 4%, and 88 ± 4% and 
59.8±11.6% survival, respectively, at 5 and 10 nM gemcitabine (Fig. 40). „siCHEK1-transfected‟ 
cells at the same two concentrations of gemcitabine showed 48 ± 9% and 28 ± 6% survival. The 
inhibition of CHEK1 expression using siRNA-based knockdown resensitized HNSCC and 
NSCLC cells with loss of distal 11q to gemcitabine. Since the ATR-CHEK1 pathway is 
responsible for gemcitabine-induced damage response, CHEK1 knockdown in NSCLC cells 
without loss of distal 11q also resulted in reduced survival in response to gemcitabine (Fig. 41). 
CALU-1 showed three-fold reduced survival at 5 nM and 10nM gemcitabine and H1299 showed 
~two-fold reduced survival at the same two concentrations of gemcitabine. There was no 
significant difference in survival between the „Untreated‟ and „Mock-transfected‟ groups in these 
two cell lines.  Hence, siRNA-based knockdown of CHEK1, unlike in combination with IR, did 
not exclusively resensitize tumor cells with loss of distal 11q to gemcitabine-induced damage. 
Instead, cells with or without loss of distal 11q showed increased sensitivity to DNA damage 
induced by gemcitabine. 
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Figure 39. Clonogenic survival assay in response to gemcitabine after siRNA-based CHEK1 
knockdown in HNSCC cells with loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siCHEK1-transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. HNSCC cells transfected with siCHEK1 in the „distal 11q loss‟ group (UPCI:SCC029B, 
040, 131) showed two-fold decrease in survival at 5 and 10 nM compared to the untreated and 
mock-transfected cells. 
 
Figure 40. Clonogenic survival assay in response to gemcitabine after siRNA-based CHEK1 
knockdown in NSCLC cells with loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siCHEK1-transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. NSCLC cells transfected with siCHEK1 in the „distal 11q loss‟ group (A549, 101-87T, 
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253T) showed two-fold decrease in survival  at 5 and 10 nM compared to the untreated and 
mock-transfected cells.  
 
 
Figure 41. Clonogenic survival assay in response to gemcitabine after siRNA-based CHEK1 
knockdown in NSCLC cells without loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siCHEK- transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. NSCLC cell line, CALU-1 (without distal 11q loss) transfected with siCHEK1 showed 
three-fold decrease in survival at 5 and 10 nM compared to the untreated and mock-transfected 
cells. NSCLC cell line, H1299 (also without distal 11q loss) transfected with siCHEK1 showed 
two-fold decrease in survival at 5 and 10 nM compared to the untreated and mock-transfected 
cells. 
 
To assess the effect of inhibition of the ATR-CHEK1 pathway, ATR knockdown using 
siRNA was also carried out.  HNSCC cells with loss of distal 11q showed two-fold decrease in 
survival at 5 nM gemcitabine and three-fold decrease at 10 nM gemcitabine (Fig. 42). NSCLC 
cells with loss of distal 11q showed three-fold decrease in survival at 5 nM gemcitabine and six-
fold decrease at 10 nM gemcitabine (Fig. 43). NSCLC cells without loss of distal 11q (54T, 
CALU-1) in response to ATR knockdown and gemcitabine treatment showed three-fold decrease 
in survival at 5 nM gemcitabine and five-fold decrease at 10 nM gemcitabine (Fig. 44). There 
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was no significant difference in survival between „Untreated‟ and „Mock-transfected‟ groups in 
either HNSCC or NSCLC cells. Hence, siRNA-based inhibition of CHEK1 and ATR increased 
the sensitivity of tumor cells to gemcitabine irrespective of their copy number of distal 11q. 
 
Figure 42. Clonogenic survival assay in response to gemcitabine after siRNA-based ATR 
knockdown in HNSCC cells with loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siATR-transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. HNSCC cells transfected with siATR in the „distal 11q loss‟ group (UPCI:SCC029B, 040, 
131) showed two-fold decrease in survival at 5 nM and three-fold decrease at 10 nM compared 
to the untreated and mock-transfected cells.  
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Figure 43. Clonogenic survival assay in response to gemcitabine after siRNA-based ATR 
knockdown in NSCLC cells with loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siATR-transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. NSCLC cells transfected with siATR in the „distal 11q loss‟ group (A549, 101-87T, 253T) 
showed three-fold decrease in survival at 5 nM and six-fold decrease at 10 nM compared to the 
untreated and mock-transfected cells. 
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Figure 44. Clonogenic survival assay in response to gemcitabine after siRNA-based ATR 
knockdown in NSCLC cells without loss of distal 11q 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for the three conditions (untreated, 
mock-transfected and siATR-transfected) is plotted with error bars (± SEM) on a logarithmic 
scale. NSCLC cells without distal 11q loss (CALU-1, 54T) showed three-fold decrease in 
survival at 5 nM and five-fold decrease at 10 nM compared to the untreated and mock-
transfected cells. 
Next, we treated HNSCC cell lines UPCI:SCC040, UPCI:SCC131 and UPCI:SCC066 
with a combination of gemcitabine (5 and 10 nM) and PF-00477736 (360 nM) and evaluated the 
effect on cell survival. UPCI:SCC040 and UPCI:SCC131 (both with loss of distal 11q), when 
treated with the combination therapy resulted in approximately a two-fold decrease in survival 
compared to the cells treated with gemcitabine alone (Fig. 45). UPCI:SCC066 (no distal 11q 
loss) was highly sensitive to treatment with 360 nM SMI alone (~95% cell kill) and therefore, 
the effect of the combination therapy could not be assessed. All three OvC cell lines treated with 
combined therapy of gemcitabine (5 and 10 nM) and CHEK1 SMI (540 nM) showed decreased 
survival at both concentrations of gemcitabine (Fig. 46). The knockdown of CHEK1 resulted in  
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three-fold increased sensitivity of OvC cells to gemcitabine. Inhibition of the ATR-CHEK1 
pathway either at the RNA or protein level was capable of increasing the sensitivity of HNSCC 
and NSCLC cells with and without loss of distal 11q to treatment with gemcitabine.  
Hence, inhibition of the ATR-CHEK1 pathway either at the RNA or protein level was 
capable of increasing the sensitivity of HNSCC and NSCLC cells with and without loss of distal 
11q to treatment with gemcitabine. These results indicate that the combination of gemcitabine 
and ATR-CHEK1 pathway disruption increases the efficacy of gemcitabine treatment in tumor 
cells. 
 
Figure 45. Clonogenic survival assay in response to gemcitabine after SMI-based CHEK1 
knockdown in HNSCC cells 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for untreated and CHEK1 SMI 
treated is plotted with error bars (± SEM) on a logarithmic scale. Combined treatment of the SMI 
and IR in cells with distal 11q loss (UPCI:SCC131 and UPCI:SCC040) showed two-fold 
decrease in survival at 5 and 10 nM gemcitabine compared to cells treated only with 
gemcitabine.  
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Figure 46. Clonogenic survival assay in response to gemcitabine after SMI-based CHEK1 
knockdown in OvC cells 
The surviving fraction of cells at 0, 5 and 10 nM gemcitabine for untreated and CHEK1 SMI 
treated is plotted with error bars (± SEM). Combined treatment of the SMI and IR in cells with 
(ES-2, OVCA432) and without (A2780) distal 11q loss showed decreased survival at 5 and 10 
nM gemcitabine compared to cells treated only with gemcitabine. 
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4.0  DISCUSSION 
4.1 LOSS OF DISTAL 11Q IN CARCINOMA CELLS 
Although distal 11q copy number loss from chromosomal band 11q14 to 11qter has been 
reported in many types of tumors, its significance has not been investigated until our previous 
study (Parikh, et al. 2007). Our lab showed copy number loss of the region from 11q21 to 11q24 
in about 25% of HNSCC, breast and ovarian primary tumors and a high frequency of loss in 
HNSCC cell lines (Parikh, et al. 2007). Our results showed that 30-35% of HNSCC, NSCLC and 
OvC cell lines had loss of copy number of the four genes, MRE11A, ATM, H2AFX and CHEK1, 
located on the distal portion of the long arm of chromosome 11. Of the 37 HNSCC cell lines for 
which FISH results were available for all four genes, 28 cell lines had copy number loss of at 
least two of the genes. Out of these 28 cell lines, 27 had copy number loss of ATM and 23 had 
copy number loss of H2AFX. Hence, copy number loss appears to be centered around 
chromosomal bands 11q22 to 11q23, in the vicinity of the ATM and H2AFX genes. In HNSCC 
cells, The Broad Institute TCGA and Tumorscape websites support our observations, showing 
ATM copy number loss in about 25% of all cancers and frequencies of loss as high as 55% in 
cutaneous melanomas and 48% in HNSCC. ATM copy number loss was also seen in 36% of 
bladder urothelial carcinomas, 32% of lung squamous cell carcinomas, 30% of ovarian serous 
cystadenocarcinomas, and between 18 and 28% of lung, stomach and rectal adenocarcinomas, 
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colorectal cancers, and hepatocellular carcinomas (Beroukhim, et al. 2010). Thus, based on the 
American Cancer Society statistics (Siegel, et al. 2013) and the Tumorscape frequencies, at least 
330,000 of the 1,660,290 new cancer cases expected in the U.S. in 2013 may have distal 11q 
loss. Hence, distal 11q loss is a common defect observed in carcinoma cells. In our study, 30% 
of cell lines that were included in the „Distal 11q loss‟ group had loss of all four genes. The 
primary mandate for this designation was that one of the genes that had loss of copy number had 
to be ATM.  „No distal 11q loss” group included cell lines that had a relative normal copy 
number of all four genes.  
A number of other important genes are located on distal 11q and may also be lost cells 
with loss of distal 11q. Some of these genes are important members belonging to the caspase 
family and several genes involved in the ubiquitination pathway. The caspase pathway genes 
map to band 11q22.1-22.3 and 11q24.1. These genes include, three members of the caspase 
family CASP1, CASP4 and CASP5 and important regulators of the caspase pathway BRCC2, 
CASP12P1, COP1, INCA and ICEBERG (Broustas, et al. 2004). The increased survival of 
HNSCC, NSCLC and OvC cells with loss of distal 11q after IR may be due to loss of critical 
members of the caspase pathway and/or important regulators of this pathway. There are also 
members of the ubiquitination pathway on distal 11q, like UBE4A (11q23.3), USP2 (11q23.3) 
and USP28 (11q23.1) and these proteins play an important role in the stability and degradation of 
various other proteins. Thus, loss of distal 11q may impact the regulation of the ubiquitination 
pathway and alter the biochemical properties and half–life of different proteins. Since, the four 
critical DDR genes, MRE11A, ATM, H2AFX and CHEK1, are primarily involved in the repair 
and response to DSB and stalled replication forks, the main focus of the study was on the 
pathways regulated by these genes. 
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Previous results have shown that loss of distal 11q is associated with resistance to 
radiation therapy in HNSCC cell lines (Parikh, et al. 2007). The current results confirm and 
extend this finding in HNSCC cells and show that radioresistance is also associated with loss of 
distal 11q in NSCLC and OvC cells. AT cells, lacking a functional ATM protein are 
radiosensitive, whereas cancer cell lines with loss of distal 11q are radioresistant. AT cells do not 
have functional ATM protein, which is required 1 hour post-irradiation for cell survival (Choi, et 
al. 2010). Thus, they are radiosensitive. In contrast, tumor cells with distal 11q loss retain some 
ATM expression and that, based on our results, is sufficient to provide the cells the ability to 
„repair‟ their DSB and survive IR. NSCLC cells with loss of distal 11q survived treatment with 2 
Gy IR, five times per week for two weeks, which mimicked the treatment conditions in patients. 
In contrast, this same treatment was lethal in NSCLC cells without loss of distal 11q. The high 
frequency of tumors with distal 11q loss could explain the lack of efficacy of IR treatment 
observed in some cancer patients.   
The intrinsic level of chromosomal instability observed in HNSCC cell lines with distal 
11q loss is higher compared to normal keratinocytes or HNSCC cells without 11q loss (Parikh, et 
al. 2007). We also observed an increase in mitotic defects in HNSCC cells with distal 11q loss 
after treatment with IR compared to tumor cells without loss of distal 11q. Increased 
chromosomal instability is consistent with a diminished DDR to IR-induced damage in HNSCC 
cells with distal 11q loss. The DNA repair mechanism responsible for repairing IR-induced 
damage, especially in the S and G2M phases of the cell cycle, has been shown to be HRR, 
confirmed when the effect of ATR and CHEK1 on radiosensitivity was shown to be independent 
of non-homologous end joining (NHEJ), but dependent on HRR (Wang, et al. 2004; Wang, et al. 
2005).  Even though HNSCC cells with loss of distal 11q arrest at the G2M checkpoint after IR, 
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the observed increased accumulation of mitotic defects suggests repair by an error-prone repair 
mechanism that enables the cells to progress through mitosis without undergoing mitotic 
catastrophe. Also, loss of an intact DNA damage response is known to promote a mutator 
phenotype in somatic cells and leads to chromosomal instability (Gorgoulis, et al. 2005). Thus, 
the observation that loss of distal 11q leads to increased mitotic defects could contribute to a 
mutator phenotype effect in tumor cells. The “Mutator Phenotype Hypothesis,” proposed by 
Loeb et al., states that cancer cells undergo changes which promote a very high level of 
background mutations and chromosomal abnormalities (Loeb, et al. 2008). Accumulation of 
mutations and other chromosomal abnormalities in tumor cells may provide a growth advantage 
to these cells. In contrast to HNSCC cells, NSCLC cells did not show a significant difference in 
frequency of mitotic defects. NSCLC cells with distal 11q loss did not have p53 signaling defects 
that result in loss of the G1 checkpoint, like in HNSCC cells with distal 11q loss and defective 
p53 signaling. The presence of the G1 checkpoint in NSCLC cells might result in the arrest of 
these cells at the G1 checkpoint and subsequent repair of DNA. This could explain the lack of 
increased mitotic defects in NSCLC cells with distal 11q loss.  
One of the other consequences of copy number loss of ATM, MRE11A, H2AFX and 
CHEK1 is decreased expression of these genes, reduced γH2AX focus formation in response to 
radiation-induced DSBs, and chromosomal instability in HNSCC cell lines (Parikh, et al. 2007). 
In NSCLC cell lines, we observed that cells with loss of distal 11q had relatively lower ATM and 
CHEK1 expression. CHEK1 protein expression in HNSCC and NSCLC cells with loss of distal 
11q was also relatively lower than cells without distal 11q loss. Although reduced expression of 
ATM may be responsible for increased chromosomal instability through defective repair of 
damaged DNA, the retention of ATM expression provides these cells a survival advantage. 
4.2 UPREGULATION OF THE ATR-CHEK1 PATHWAY 
Our results showed that distal 11q loss is associated with decreased expression of MRE11A, ATM 
and H2AFX, which are important components of the ATM-CHEK2 DDR pathway (Parikh, et al. 
2007). One might assume that the upregulation in ATR-CHEK1 pathway might be compensating 
for the decreased functioning of the ATM-CHEK2 pathway. It has been reported that in response 
to IR-induced DSB, both ATM and the MRN complex act upstream of ATR and CHEK1. ATR 
and CHEK1 are also involved in the signaling of DSB damage response and repair, but ATM is 
the primary protein involved in this process. ATR activation and recruitment to nuclear foci is 
delayed compared to ATM phosphorylation, and requires a functional MRN complex. The ATR-
CHEK1 pathway is upregulated in IR-treated AT cells. Hence, a compensatory increase of the 
ATR-CHEK1 pathway following reduced ATM or MRE11A expression can be anticipated. The 
report that indicates that ATM expression is required for one hour after IR for cell survival also 
fits well with our hypothesis that the retention of a lowered ATM expression in our cells with 
distal 11q loss is responsible for increased survival after IR treatment. This residual ATM 
expression retained in cells with loss of distal 11q could play a role in the activation and 
recruitment of ATR, but the upregulated ATR-CHEK1 pathway subsequently initiates DDR. 
Despite copy number loss of the CHEK1 gene, CHEK1 expression, especially after IR treatment 
is increased in tumor cells with distal 11q loss. CHEK1 expression is regulated by E2F 
transcription factors, and CHEK1 and E2F1 (transcriptional activator) expression are strongly 
correlated (Verlinden, et al. 2007). It has also been reported that E2F1 levels are higher in 
HNSCC cell lines from highly invasive tumors (Zhang, et al. 2000), and phosphorylation of 
E2F1 by ATM and CHEK2 results in protein stabilization (Inoue, et al. 2007). These findings 
show that transcriptional regulation of the CHEK1 gene could be responsible for upregulation of 
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CHEK1 expression in tumor cell lines. This would explain the observed increase in CHEK1 
expression in spite of copy number loss in HNSCC cell lines.  
In response to IR, CHEK1 is phosphorylated on ser317 in an ATM-dependent manner 
(Gatei, et al. 2003; Wang, et al. 2012). This phosphorylation is necessary for the ser345 
phosphorylation of CHEK1 that results in its activation. The early phosphorylation of ser345 of 
CHEK1 is ATR-dependent (Wang, et al. 2012), and that increased phosphorylation of ser345 is 
observed only in cells with distal 11q loss after IR treatment demonstrates upregulation of the 
ATR-CHEK1 pathway in these cells. In contrast, cells with or without loss of distal 11q have 
increased ATM-dependent phosphorylation of ser317 on CHEK1. This is consistent with our 
understanding that ATM expression after IR is required for cell survival.  
Activated CHEK1 phosphorylates members of the CDC25 family resulting in their 
inhibition. We observed increased phosphorylation of CDC25C at ser216 after IR treatment in 
cells with distal 11q loss. CDC25 phosphatases are known to dephosphorylate cyclin-dependent 
kinases (CDK), thereby activating them, resulting in cell cycle progression (Uto, et al. 2004). 
Hence, inhibition of CDC25C phosphatase results in cell cycle arrest at the G2M checkpoint. 
Thus, upregulation of the ATR-CHEK1 pathway is likely responsible for the G2M arrest 
observed in HNSCC cells with distal 11q loss.  
Like AT cells which lack ATM protein and have a compensatory upregulated ATR-
CHEK1 pathway and prolonged G2M arrest (Wang, et al. 2003), we observed upregulation of the 
ATR-CHEK1 pathway and cell cycle arrest in the S and G2M phases of the cell cycle after IR in 
tumor cells with distal 11q loss. S phase arrest prevents replication of unrepaired DNA and the 
G2M arrest prevents the entry of cells with DNA damage into mitosis, which would lead to 
mitotic catastrophe. Instead these cells seem to ‘repair’ the damaged DNA, enabling the cells to 
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survive, and resulting in decreased sensitivity to IR. The G1 checkpoint is typically lost in a high 
percentage of HNSCC cells due to defective p53 signaling after DNA damage. This loss of the 
G1 checkpoint in HNSCC leads to an increased number of cells with unrepaired DNA damage 
entering the S and the G2M phases of the cell cycle. Upregulation of the ATR-CHEK1 pathway 
in HNSCC cells with distal 11q loss enhances the G2M cell cycle checkpoints and these cells 
may be able to avoid TP53-independent cell death (PCC/MC) (Fragkos and Beard 2011) and 
may have a survival advantage as demonstrated by radioresistance in these cells. NSCLC cells 
with loss of distal 11q and an upregulated ATR-CHEK1 pathway did not arrest at G2M like 
HNSCC cells. They did show a rapid increase in phosphorylation of CDC25C one hour after 
treatment with IR and this phosphorylation was reduced 16 hours after irradiation. Since all 
NSCLC cells with loss of distal 11q retained the G1 checkpoint, this checkpoint might detect the 
damage before the G2M checkpoint. CDC25C phosphorylation is also capable of arresting cells 
at the G1 checkpoint and this arrest could also lead to enhanced DNA damage repair. 
Alternatively, since flow cytometry was done at 24 hours post-IR, the time point used for cell 
cycle analysis may not have been optimal. It has been reported that ATR overexpression in 
cancer cells increases the resistance of these cells to DNA damaging agents, like IR and these 
ATR-overexpressing cells tend to rapidly clear γH2AX foci after IR exposure due to enhanced 
DNA damage repair (Kim, et al. 2011). Presence of γH2AX foci is indicative of unrepaired DNA 
damage and rapid clearance would suggest that DNA damage was also rapidly repaired. This 
could explain the decreased CDC25C phosphorylation that was observed 16 h post-IR treatment 
in cells with distal 11q loss. To accurately pinpoint the mechanism by which the upregulated 
ATR-CHEK1 pathway confers a growth advantage on cells with loss of distal 11q, the DNA 
repair mechanisms used in these cells need to be characterized. 
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4.3 DNA DSB REPAIR MECHANISMS  
DNA DSBs, in which both strands of the DNA are broken, are DNA lesions that if unrepaired 
could result in the loss of genome stability or cell death. The two DNA repair pathways thought 
to be involved in repair of double-strand breaks are NHEJ and HRR. NHEJ functions in all 
phases of the cell cycle; whereas the requirement of a sister chromatid restricts HRR to the S and 
G2 phases of the cell cycle. Although inhibition of HRR and NHEJ sensitizes cells to radiation, 
cells with defective HRR are usually less sensitive to IR than cells with defective NHEJ. This 
could be attributed to the cell cycle phase limitation of HRR (Thompson 1996; Takagi, et al. 
2010; Oike, et al. 2012). The importance of HRR as an IR-induced DSB-repair pathway has been 
shown by and by the drastic increase in radioresistance observed during late S/G2 phase 
(Tamulevicius, et al. 2007). Eukaryotic HRR mutants show a high degree of radiosensitivity in 
late S/G2 phase (Tamulevicius, et al. 2007). Since our biomarker-positive cells with ATM copy 
number loss tend to show increased S and late G2M cell cycle arrest, we hypothesize that the 
mechanism of DSB repair that enables these cells to survive IR could be HRR. Cell cycle arrest 
combined with an upregulated ATR-CHEK1 pathway clearly points to possible involvement of 
HRR. It has been shown that decreased sensitivity to IR-induced DNA damage associated with 
increased ATR and CHEK1 functioning is independent of NHEJ (Wang, et al. 2004; Wang, et al. 
2005). This could point to an ATR-CHEK1-regulated G2/M checkpoint, facilitating HRR repair, 
which could protect the cells from IR-induced killing. Recently, however, studies have shown 
that decreased ATM function results in HRR defects in S-phase and a more prominent G2 arrest 
(Kocher, et al. 2012). The HRR defects could be attributed to the requirement of ATM and 
Artemis for formation of single-stranded DNA (ssDNA) and for loading of RAD51 onto DNA 
ends (Beucher, et al. 2009). Since our biomarker-positive cells show decreased expression of 
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ATM, MRE11A and γH2AX, the efficiency of HRR could be compromised. Further, the loading 
of HRR proteins onto the DNA requires the dissociation of Ku proteins and the MRN complex 
facilitated by the MRE11 nuclease and CTP1 activity (Langerak, et al. 2011). On the other hand, 
since we suspect that the biomarker-positive, radioresistant cells may have properties of stem-
like cells, the finding that NHEJ is responsible for DNA damage repair in human pleuripotent 
cells during late G2 phase (Bogomazova, et al. 2011) points towards the possible choice of NHEJ 
in our biomarker-positive cells. A third DNA repair pathway gaining significant attention is 
microhomology-mediated end joining (MMEJ). MMEJ uses a region of DNA sequence 
homology about 5-25 bp in length to align the broken ends before ligation. This results in 
deletions flanking the original breakpoint, and hence MMEJ is frequently associated with 
deletions, translocations and other complex chromosomal abnormalities (Chen, et al. 1998; 
Welcker, et al. 2000; Yu and Gabriel 2003; Weinstock, et al. 2007). MMEJ is considered a Ku-
independent repair mechanism that predominantly occurs in the S and G2M phases of cell cycle, 
even in cells with an intact NHEJ pathway (Corneo, et al. 2007; Decottignies 2007; McVey and 
Lee 2008). Alternatively, Ku80 has been reported to enhance the activity of both NHEJ and 
MMEJ in response to DSBs, with lesser involvement in the latter (Katsura, et al. 2007). Our 
analysis of mitotic defects showed that tumor cells with distal 11q loss expressed more 
micronuclei and increased interphase bridge formation after treatment with IR compared to the 
tumor cells without distal 11q loss. Micronuclei and interphase bridges are known markers of 
genotoxic stress and chromosomal instability. This suggests that tumor cells with distal 11q loss 
use an error prone DNA repair mechanism. Hence, the repair process involved could be a 
combination of NHEJ and/or MMEJ, depending on the phase of cell cycle. Further studies are 
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warranted to clarify which of the three DNA repair pathways is responsible for survival of tumor 
cells with distal 11q loss after IR treatment. 
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4.4 CHEK1 INHIBITION 
Our results show that distal 11q loss is associated with decreased DDR, radioresistance, an 
upregulated ATR-CHEK1 pathway, and loss of the G1 checkpoint accompanied by G2M arrest. 
Since the ATR-CHEK1 pathway appears to function as a compensatory mechanism for 
downregulated ATM-CHEK2 pathway, knocking it down with siRNA or a SMI should reverse 
the observed phenotype. The compensatory effect of the ATR-CHEK1 pathway in cells with loss 
of distal 11q was confirmed by the resensitization of tumor cells to IR-induced DNA damage 
after ATR, CHEK1 and RAD9A knockdown using siRNA and CHEK1 inhibition using a SMI. 
The exclusive effect of this knockdown in cells with loss of distal 11q to all three of the genes, 
ATR, CHEK1 and RAD9A points to the role played by the pathway as opposed to an individual 
protein. Inhibitions of ATR, CHEK1 and RAD9A individually were not capable of replicating the 
radiosensitization effect in cells without loss of distal 11q. Hence, it can be said conclusively that 
an upregulated ATR-CHEK1 pathway through its regulation of one of the many DDR 
mechanisms, including control of cell cycle checkpoint, initiation of DNA repair and regulation 
of cell death, is responsible for the radioresistance phenotype.  
Increased cell death observed in HNSCC cells with distal 11q loss appears to be due to 
synthetic lethality resulting from loss of the G1 checkpoint and induced loss of the G2M 
checkpoint by ATR-CHEK1 knockdown or inhibition. Synthetic lethality after loss of cell cycle 
checkpoints by CHEK1 inhibition and p53/p21 loss has been described earlier (Origanti, et al. 
2013). Synthetic lethality-inducing drugs in the form of targeted CHEK1 SMIs are in clinical 
trials (NCT 00413686, NCT 00437203, NCT 00779584, NCT 01115790 and NCT 01139775) 
and several others are being developed (Shaheen, et al. 2011b). UCN-01 (7-
hydroxystaurosporine), a potent first generation CHEK1 inhibitor abrogates the G2M checkpoint 
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induced by DNA damaging agents (Busby, et al. 2000; Graves, et al. 2000). Another first 
generation CHEK1 inhibitor, LY2606318 is in clinical trials combined with gemcitabine or 
pemetrexed in non-small cell lung cancer (NCT01139775). The Merck CHEK1 inhibitor 
(MK8776/SCH900776) is available from the U.S. National Cancer Institute (NCI) Cancer 
Therapy Evaluation Program (CTEP) and is reportedly effective in combination with cytarabine 
in refractory AML (Karp, et al. 2012b; Schenk, et al. 2012b). A selective oral inhibitor is 
available for licensing from Sareum (Borst, et al. 2012b), and an inhibitor from Novartis (CHIR-
124) appears to be an effective HCT-116 colon carcinoma radiosensitizer in vitro (Tao, et al. 
2009). The inhibitor, AZD7762 has been combined with a variety of standard therapies 
effectively, but also has shown promise in triple negative breast cancers in combination with 
ribonucleotide reductase inhibitors (Bennett, et al. 2012). The second generation CHEK1 
inhibitor, LY2606368 appears to function effectively as a stand-alone or monotherapy 
preclinically in cell lines and xenografts (McNeely, et al. 2011). A Lilly clinical trial is 
evaluating not only safety, toxicity, and dosage, but efficacy in advanced or metastatic cancer, 
squamous cell cancer of the head & neck or other organ sites (NCT01115790). PF-00477736 
appears to be quite effective in sensitizing and killing radioresistant cells in our preclinical model 
and appears to enhance the antitumor activity of docetaxel (Bucher and Britten 2008). 
Knockdown of the ATR-CHEK1 pathway using siRNA or the Pfizer CHEK1 inhibitor resulted 
in resensitization of the cells with distal 11q loss to IR and cell death by mitotic catastrophe. 
Since CHEK1 inhibitors are being developed by several companies, our results suggest that 
distal 11q loss may be a useful companion diagnostic biomarker to select the subgroup of 
HNSCC and NSCLC patients expected to respond to combined radiation therapy and CHEK1 
inhibition.  
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Figure 47. Model for resensitization of tumor cells to DNA damaging agents (adapted from 
Parikh et al. 2007) 
Loss of p53 function combined with loss of ATM leads to loss of the G1 cell cycle checkpoint in 
response to DNA damage in tumor cells. An upregulated ATR–CHEK1 pathway enhances the S 
and G2M checkpoint arrest following DNA damage and protects cells with DNA damage from 
premature S phase entry and premature mitosis. Inhibition of the ATR–CHEK1 pathway using 
specific siRNA or a SMI can result in p53–independent forms of cell death (PCC or MC) in 
these cells. 
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4.5 LOSS OF DISTAL 11Q AND RESISTANCE TO GEMCITABINE 
Based on our previous results that an upregulated ATR-CHK1 pathway resulted in 
radioresistance in tumor cells with loss of distal 11q, we hypothesized that an upregulated ATR-
CHK1 pathway in tumor cells with distal 11q loss would result in reduced sensitivity to 
gemcitabine. Further, we hypothesized that knockdown of the ATR-CHK1 pathway would result 
in the resensitization of these cells to gemcitabine-induced DNA damage and increased tumor 
cell death. There was a statistically significant difference in survival after gemcitabine treatment 
between cells with and without loss of distal 11q loss, with the cells with loss of distal 11q 
showing reduced sensitivity to gemcitabine compared to cells without loss of distal 11q.  
Activity of the ATR-CHEK1 pathway in cells with loss of distal 11q assessed by total CHEK1 
expression and phosphorylation of ser345 and ser317 sites on CHEK1 showed an upregulated 
ATR-CHEK1 pathway in response to gemcitabine. Cells without loss of distal 11q also showed 
an upregulated ATR-CHEK1 pathway in response to gemcitabine and a significant difference in 
ATR-CHEK1 upregulation was not observed between cells with and without loss. Hence, an 
upregulated ATR-CHEK1 pathway alone could not be responsible for the decreased sensitivity 
to gemcitabine observed in cells with loss of distal 11q. It has been reported that CHEK1 
inhibition resulting in chemosensitization of cells requires inhibition of CHEK1-mediated 
RAD51 response to gemcitabine-induced replication stress (Parsels, et al. 2009). Also, the DDR 
to gemcitabine-induced damage requires functional ATM and MRN complex and the deficiency 
of these proteins increased the sensitivity of cells to gemcitabine (Ewald, et al. 2008). Hence, 
sensitivity to gemcitabine can be modified by alterations in the DDR and repair pathways in 
tumor cells. Further studies are warranted to clearly define the mechanism of decreased 
sensitivity to gemcitabine in tumor cells with loss of distal 11q. We observed that siRNA 
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knockdown of the ATR-CHEK1 pathway and SMI inhibition of CHEK1 signaling in HNSCC 
and NSCLC cell lines increase their sensitivity to treatment with gemcitabine. The 
resensitization to gemcitabine-induced damage by inhibition of the ATR-CHEK1 pathway was 
observed in cells with and without loss of distal 11q. Therefore, in response to gemcitabine-
induced damage, our biomarker is a useful predictive marker of prognosis, as patients with our 
biomarker would be expected to have a worse prognosis after treatment with gemcitabine. Distal 
11q loss could also be used as a companion diagnostic biomarker for inhibition of the ATR-
CHEK1 pathway. Tumor cells with loss of distal 11q would require higher doses of gemcitabine 
in combination with SMI-induced inhibition of the ATR-CHEK1 pathway to attain similar levels 
of resensitization to gemcitabine treatment as the combination therapy in tumor cells without loss 
of distal 11q. This would improve the efficacy of gemcitabine in patients with our biomarker. 
 
 
 
 
 
 
 
 
 
 
 
 
4.6 CONCLUSIONS 
In conclusion, our results have shown that loss of copy number of genes on distal 11q is a 
common event in carcinoma cell lines and primary tumors. Our results have clearly shown that 
HNSCC cells with loss of distal 11q have a decreased DDR in response to IR, and HNSCC and 
NSCLC cells with loss of distal 11q have decreased sensitivity to treatment with IR. The ATR-
CHEK1 pathway appears to function as a compensatory pathway and is upregulated in HNSCC 
and NSCLC cells with loss of distal 11q. In HNSCCs, upregulation of the ATR-CHEK1 pathway 
results in enhanced G2M checkpoint control and cells with G1 checkpoint loss arrest at the G2M 
checkpoint. Knockdown of the ATR-CHEK1 pathway results in resensitization to IR. Since 
inhibition of CHEK1 using SMIs is being developed as a promising anti-tumor therapy, our 
results have substantial translational value. Distal 11q loss could be used as a biomarker 
predictive of decreased response to conventional radiation therapy. It could also be developed as 
a companion diagnostic to determine response to CHEK1 inhibition in combination with 
radiation or chemotherapy in the treatment of HNSCCs. HNSCC and NSCLC cells with distal 
11q loss also show reduced sensitivity to gemcitabine compared to cells without loss of distal 
11q. Since the ATR-CHEK1 pathway is primarily involved in DDR to gemcitabine-induced 
damage, cells with and without loss of distal 11q show upregulation of the ATR-CHEK1 
pathway and knockdown of this pathway resensitizes the cells to gemcitabine, cells with distal 
11q loss more than those without loss of distal 11q. Therefore, distal 11q loss could be a 
predictive marker for decreased response to gemcitabine and be used to select an appropriate 
dosage that will result in maximum efficacy of the combination therapy of gemcitabine and 
CHEK1 inhibition. 
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APPENDIX A 
LIST OF BACTERIAL ARTIFICIAL CHROMOSOMES (BAC)  
 
 
 
 
 
 
 
 
 
 
All BACs used for FISH analysis were purchased from the Children‟s Hospital Oakland 
Research Institute (C.H.O.R.I.), Oakland, CA. Centromere enumeration probe for chromosome 
11 was purchased from Abbott Molecular Inc., Des Plaines, IL. 
Gene name BAC ID Fluorescent tag 
   
ATM CTD2047A4 Spectrum Orange
TM
 
CHEK1 RP11-712D22 Spectrum Orange
TM
 
CCND1 RP11-699M19 Spectrum Aqua
TM
 
H2AFX RP11-892K21 Spectrum Green
TM
 
MRE11A RP11-685N10 Spectrum Orange
TM
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APPENDIX B 
SEQUENCES FOR ATR AND CHEK1 SIRNA 
ATR and CHEK1 siRNAs were obtained from Dharmacon Inc. The individual sequences from 
the smartpool are outlined below: 
ATR sequences:  
GAACAACACUGCTGGUUUG GAAGUCAUCUGUUCAUUAU 
GAAAUAAGGUAGACUCAAU CAACAUAAAUCCAAGAAGA 
 
CHEK1 sequences: 
UAAAGUACCACACAUCUUGUU UAUUGGAUAUUGCCUUUCUU 
AUAUGAUCAGGACAUGUGGUU CCAUUGAUAGCCCAACUUCUU 
 
CHEK1 SMALL MOLECULE INHIBITOR 
PF-0077736, a potent, specific CHEK1 small molecule inhibitor (SMI) was a gift from Pfizer, 
Inc. (Groton, CT).  
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APPENDIX C 
LIST OF ANTIBODIES USED FOR IMMUNOBLOTTING 
 
Antibody Type Company Concentration 
Total p53 (D–01) Mouse monoclonal Santa Cruz 1:1000 
Total p21 Mouse monoclonal Santa Cruz 1:500 
Total CHEK1 Mouse monoclonal Santa Cruz 1:500 
Total MRE11A Goat polyclonal Santa Cruz 1:1000 
pCHEK1 (Ser317) Rabbit polyclonal Cell Signaling 1:1000 
pCHEK1 (Ser 345) Rabbit polyclonal Cell Signaling 1:1000 
pCDC25C(Ser 216) Rabbit polyclonal Cell Signaling 1:1000 
- Actinin Mouse monoclonal Santa Cruz 1:1000 
ctin Mouse monoclonal Sigma 1:2000 
ubulin Rabbit polyclonal Santa Cruz 1:2000 
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